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SYNOPSIS
Published evidence suggests th a t  feeding  standards c u rre n tly  
i n  u se , th a t  a re  based on th e  t o t a l  d ig e s t ib le  n u t r ie n t ,  Scandinavian 
fe e d -u n it  o r n e t energy ( s ta rc h  equ iva len t) ^ s te rn s  o f e v a lu a tin g  
feed  energy, a re  not a  sound guide f o r  the  feeding of c a t t l e  o r the  
o rg an iza tio n  of feed  su p p lies . E rro rs  in h e re n t i n  t o t a l  d ig e s t ib le  
n u tr ie n t  and fe e d -u n it  standards a re  la rg e ly  a r e f le c t io n  o f the  
l im ita tio n s  o f the  two systems,. In  c o n tra s t th e  ne t energy system 
g ives a thermodynamically sound measure o f th e  e ff ic ie n c y  o f 
u t i l i z a t i o n  o f  feed  energy but deteim ined ne t energy values f o r  
in d iv id u a l feeds show wide v a r ia t io n  and a t  the p resen t time there
are  in s u f f ic ie n t  d a ta  to  provide a r e l ia b le  standard .
In  Section  I  o f the  th e s is ,  an a n a ly s is  has been made o f 
sources o f e r ro r  in  the  de te rc iina tion  o f n e t energy v a lu e s . Major
e r ro r s  are  ^ow n to  a r i s e  in  th e  determ ination  o f th e  ne t
u t i l i z a t i o n  o f m etabo lizab le  energy, from v a r ia t io n s  in  th e  e ff ic ie n c y  
w ith  which c a t t l e  u t i l i z e  feed  energy and a lso  from a m agn ifica tion  
o f te c h n ic a l  and in te r p re ta t io n a l  e r ro r s  by the  design  o f experiment 
used. The conclusion i s  reached th a t ,  to  overcome v a r ia t io n s  due to  
the  in d iv id u a l i ty  o f c a t t l e  used as t e s t  anim als, n e t energy va lues  
should be determ ined on a much wider sc a le  than  h i th e r to .  This 
would be p o ss ib le  i f  a  simple method of determ ining energy exchange 
i n  c a t t l e  could be developed to  rep lace  the  lab o rio u s and tim e- 
consuming c a lo r im e tr ic  method. To t h i s  end, i t  has been proposed 
th a t  f a t  sto rage  should be estim ated  in d ir e c t ly ,  from th e  gain  in  
bo(fy weight le s s  th e  p ro te in  and ash re te n tio n s  determ ined by 
conventional balance methods and the  water r e te n tio n  determ ined ty  
some in d ir e c t  means, a problem th a t  has formed th e  b a s is  o f  much 
o f th e  experim ental work rep o rted  i n  the  th e s i s .
A n a ly tica l methods used i n  the  course o f  the work are  
described  i n  the  f i r s t  p a rt  o f S ection  I I .  In  th e  second p a r t ,  th e  
d e ta i ls  o f co n s tru c tio n  and o f o p e ra tio n  o f a c lo s e d -c irc u i t
(v)
r e s p i r a t io n  chamber fo r  th e  de term ination  o f  th e  energy exchange 
o f th e  c a lf  a re  g iven.
I n d ire c t  methods o f e s tim a tin g  w ater r e te n tio n  in  c a t t l e  are  
d iscussed  i n  S ec tion  I I I ,  and i t  i s  suggested th a t  a  s u ita b le  method 
would be to  p re d ic t  water r e te n t io n  from bo<^ re te n tio n s  o f sodium 
and potassium . Analyses o f m uscle, l iv e r ,  f a t ,  b ra in  t is s û e ,  serum, 
e ry th ro c y te s , p o s te r io r  chamber f lu id  and p e r ic a rd ia l  f lu id  from 
c a t t l e  o f widely d if fe r in g  ages, f o r  w ater, sodium and potassium  are  
rep o rted , and i t  i s  shown th a t  xd.th the  exception  o f b ra in  t is s u e  
and serum, th e  w ater conten t o f th e se  t is s u e s  can be p red ic te d  from 
th e  eq u a tio n :-
Water = 0,2922 Na + 0,11^71 K
(g,/lG O  g .)  (mg./lOO g .)  (mg./lOO g .)
This equation  i s  shown to  apply a lso  to  c a r t i la g e  bu t to  underestim ate
the  w ater conten t o f sk in  and to  overestim ate  g ro ss ly  the  water
con ten t o f bone. P a r t o f th e  sodium o f bone i s  no t a sso c ia ted  w ith
w ater but a  means o f c o rre c tin g  fo r  sodium s to re d  in  t h i s  way i s
g iven . The p re d ic tio n  equation  i s  shown to  apply a lso  to  gut
con ten ts  and to  th e  fo e tu s  and u te r in e  f lu id s ,  w ith  tlie exception
o f abomasal con ten ts  and a l la n to ic  f lu id .
In  S ec tion  IV the  em p irica l equations developed in  Section I I I
have been used to  p re d ic t  w ater r e te n tio n  in  experim ents w ith m ilk-
fed  ca lv es  and th e  r e s u l t s  ob tained  have been compared w ith  w ater
r e te n tio n  determ ined sim ultaneously  by methods based on re s p ira t io n
ca lo rim etry . Though th e  o v e ra ll  agreement was good, over sh o rt
pe riods  marked d isc rep an c ies  arose due to  day-to-day  v a r ia t io n s  i n
the  ex c re tio n  o f w ater, sodium and potassium . The e r ro r s  of
p re d ic tio n  o f  w ater r e te n tio n  i n  th ese  experim ents suggested th a t
fo r  th e  determ ination  o f th e  energy exchange of the  c a lf ,  th e
in d ir e c t  method would be le s s  s a t i s fa c to r y  th an  th e  c la s s ic a l
c a lo r im e tr ic  method.
S im ila r experim ents w ith  sheep are  described  b r ie f ly  in  Section  V
but i n  many o f  them th e  in d ir e c t  method g ro ss ly  underestim ated
energy s to rag e , due to  a  se c re tio n  o f potassium  th ro u ^ i th e  sk in  o f
(v i)
sheep. Though th e  r e s u l t s  could n o t, th e re fo re , be used to  assess  
th e  probable accuracy o f th e  in d ir e c t  method fo r  the  determ ination  
o f energy exchange i n  c a t t l e ,  th ey  showed th a t  d i f f i c u l t i e s  would 
a r i s e  from th e  h i^ i  potassium  con ten t o f many c a t t l e  feeds i f  th e  
method was ap p lied  to  c a t t l e .  Under most circum stances, the  in ta k e  
o f potassium  by c a t t l e  would be so la rg e  th a t  e r ro r s  in  the  
de term ination  o f potassium  con ten ts  o f feeds would i n  them selves 
be s u f f ic ie n t  to  prevent the  accu ra te  p re d ic tio n  o f water re te n tio n , 
end th e re fo re  o f energy s to rag e , in  c a t t l e  according to  the  scheme 
o u tlin e d .
INTRŒJUCTIQM
I n  th e  p a s t 30 y e a rs  th e re  has been a dram atic in c re ase  in  
our knowledge o f animal and human n u t r i t io n .  At th e  end o f the  
n in e teen th  and the  beginning o f  th e  tw en tie th  c e n tu r ie s  n u t r i t io n  
was concerned s o le ly  w ith  energy and n itro g en  metabolism, 'P e re a s  
today , n u t r i t io n a l  s ta tu s  i s  assessed  by re fe ren ce  to  a  la rg e  
number o f e s s e n t ia l  food c o n s ti tu e n ts . Y et, as HufAnan and Duncan 
(19144) have po in ted  o u t, th e  most common d ie ta ry  d e fic ie n c y  in  farm 
stock  under p r a c t ic a l  feeding  co n d itio n s  i s  one o f energy, and i t  
a r i s e s  not only from lo c a l  o r re g io n a l shortages o f feed  b u t, to  a 
g re a te r  e x te n t th an  i s  g e n e ra lly  r e a l is e d ,  from a lac k  o f knowledge 
o f  optim al le v e ls  o f  feed ing  (B la x te r , 1950), About h a lf  a  century  
a f t e r  th e  p ioneering  work o f  K e lln e r (1905) and Armsby (1917) on 
the  development o f  s c ie n t i f i c  feed ing  standards fo r  farm anim als, 
th e re  i s  s t i l l  no f u l ly  accepted, o r  indeed accep tab le , b a s is  fo r  
th e  c a lc u la tio n  o f th e  energy requirem ents o f c a t t l e  o r o f th e  
a b i l i t y  o f th e  va rious  feed s to  meet th ese  requirem ents.
Energy feeding  standards f o r  c a t t l e
The f i r s t  o u tstan d in g  p rog ress in  th e  e v a lu a tio n  o f  animal 
f e e d in g -s tu ff s  was made by Thaer i n  1809 (see  Thaer, 18C^, 1810, 1812, 
1837, 1880), when he in troduced  a  system based p a r t ly  on crude 
chem ical analyses o f feeds  and p a r t ly  on th e  r e s u l t s  o f  feeding  
t r i a l s  in  x&dLch th e  va lu e  o f feeds was assessed  by re fe re n c e  to  
hsy. %Lth the  p rog ressive  accum ulation o f knowledge o f  the 
chem ical com position o f fee d s , h is  standard  was subsequently  m odified 
by Bous sing aulb (1839), t y  L ieb ig  (1842), by Grouven (1858) and 
o th e rs  u n t i l ,  i n  I 864,  W olff (1864) attem pted to  express feed -va lues  
s o le ly  in  term s o f th e  p ro te in , f a t ,  carbohydrate and f ib r e  th a t  a  
feed  c o n ta in s . Thus, th e  b io lo g ic a l  aspect o f T h a e r 's  ^ s te m  was 
l o s t .
^T o ta l d ig e s t ib le  n u tr ie n t  system During th e  course o f th e  
n in e teen th  cen tu ry , i t  was g rad u a lly  recognised  th a t  a  p a r t  o f  the  
feed  energy i s  excre ted  by an animal i n  th e  faeces  and u rin e  ( see 
Henneberg, I860) and W olff in  18?4 made th e  f i r s t  attem pt to  express 
th e  n u t r i t iv e  requirem ents o f  th e  d a iiy  cow in  terms o f  d ig e s t ib le  
n u t r ie n ts .  Subsequently, many assessm ents have been made o f th e  
r e la t iv e  va lue  of feeds in  terms o f t o t a l  d ig e s tib le  n u tr ie n ts ,  
commonly re fe r re d  to  as T.D.N. (A twater, 1874-5, 1890; H i l l s ,  19CX); 
Haecker, 1903; H i l ls ,  Jones and Benedict, 1910; Woll and Humphry, 
191C^ Savage, 1912). The standard  compiled by M orrison (see 
M orrison, 1949) i s  s t i l l  widely used; i n  i t  th e  t o ta l  d ig e s t ib le  
n u tr ie n ts  o f feeds  a re  c a lc u la te d  a s  th e  sum o f the  d ig e s tib le  
p ro te in , crude f ib r e  and n itro g e n -f re e  e x tra c t  and 2,25  tim es the 
d ig e s t ib le  f a t .
Net energy ( s ta rc h  equ iva len t) system The most s ig n if ic a n t  
development in  the  h is to ry  o f th e  e v a lu a tio n  o f  animal f e e d in g -s tu ff s  
came, however, w ith  th e  fo rm ula tion  o f th e  n e t energy concept by 
Kühn and K ellner o f Germary (K e lln e r, 1905, 1912, 1920; K e llne r and 
Kflhler, I9OO) and, independently , by Aimisby o f th e  U.S.A. (Armsby, 
1905, 19(9 , 1917) .  The concept tak es  account o f a l l  energy lo ss e s  
a sso c ia ted  w ith th e  u t i l i z a t i o n  o f  feed  energr; namely lo s s e s  in  
th e  faeces , u r in e  and exp ired  com bustible gases and th e  d i r e c t  heat 
lo ss e s  a r is in g  from the  in g e s tio n , d ig e s tio n  and metabolism o f  a 
food. Thus, a  thermodynamically sound measure o f  th a t  p a r t  o f 
the  feed  energy a v a ila b le  fo r  body m aintenance, fo r  m uscular 
a c t iv i ty  and fo r  p roduction  i s  provided. According to  the  ne t 
energy system, the  energy va lue  o f  a  food f o r  beef p roduction  would 
be measured as the  c a lo r i f ic  equ iva len t o f th e  f a t  and p ro te in  
deposited  in  th e  bocfy, and fo r  m ilk  p roduction  i t  would be measured 
as th e  c a lo r i f ic  equ iva len t o f the  m ilk  produced, a f t e r  a  c o rre c tio n  
had been made fo r  any change in  th e  f a t  o r p ro te in  conten t o f th e  
body. Armsby chose as h is  b a s ic  u n i t  the  n e t c a lo r ie , whereas 
K ellner expressed h i s  food v a lu es  in  terms o f  th e  value o f  pure
“ 3 -
s ta rc h  f o r  f a t te n in g . The u n i ts  a re , however, f h l ly  in te rchangeab le , 
1 kg. o f S tarch  E quivalen t being equal to  2360 n e t C alo ries  fo r  
f a t te n in g .
Scandinavian fe e d -u n it  system In  th e  Scandinavian c o u n tr ie s , 
a  system o f  e s tim a tin g  th e  com parative va lue  o f feeds  fo r  m ilk 
p roduction  has developed lA ich i s  s im ila r  i n  concept to  T h a e r 's  
^ s te ra  o f 'h ay  v a lu e s ' but u ses as  a  standard  a concen tra te  feed  o f  
b a r l ^  o r a  b a rle y -o a t m ix ture . The e a rly  standards were based on 
ex tensive  feed ing  experim ents c a r r ie d  o u t by F jo rd  and h i s  c o lla ­
b o ra to rs  in  Denmark (see  Eskedal, 1$Sk) and by Winkel, Svendsen 
and Hansson i n  Sweden (se e  Hans son, 1902) but th ese  experim ents were 
not su b jec t to  chemical c o n tro l. Hansson (see  Hansson, 1923) has 
s ince  pub lished  a  s c ie n t i f i c  standard  fo r  th e  feed ing  o f  d a iiy  cows 
based on th e  fe e d -u n it  system and derived  from an ex tensive  s e r ie s  
o f  c a re fu lly  c o n tro lle d  feed ing  t r i a l s  in  which a t te n t io n  was given 
to  th e  chem ical com position o f  the  feeds used and o f th e  m ilk 
produced. In  i t ,  he expressed  th e  m ilk producing va lues  o f feeds 
i n  term s o f a  u n i t  o f d ig e s t ib le  s ta rc h  and provided fa c to rs  fo r  
th e  c a lc u la t io n  o f v a lu es  on th e  b a s is  o f  th e  chemical com position 
and d ig e s t i b i l i t y  o f  feed s .
C ritiq u e  o f  th e  d i f f e r e n t  systems o f ev a lu a tin g  energy
req u iro n en ts  o f c a t t l e  and th e  energy con ten ts  o f feeds
Mary p r a c t ic a l  feed ing  s tandards based on one o r  o th e r o f th e  
above systems have been pub lished  In  th e  l a s t  $0 yea rs  bu t th e re  
i s  much u n c e r ta in ty  as to  -sdiich, i f  any, o f them provide a r e l ia b le  
guide f o r  th e  feeding  o f  c a t t l e .  I n  a  c r i t i c a l  review  of feed ing  
standards fo r  c a t t l e  B la x te r  (1950) has shown th a t  th e  energy 
requirem ents f o r  maintenance and m ilk production  g iven  in  th e  
prim ary standards d i f f e r  v e ry  markedly, Expressed in  te m s  o f  ne t 
energy fo r  f a t te n in g , th e  extreme v a r ia t io n  noted i n  maintenance 
requirem ent c a lc u la te d  according to  d i f f e re n t  standhhds was o f th e  
o rder o f  40^ and s im ila r  d isc rep an c ies  were found i n  th e  r e la t iv e  
v a lu es  o f th e  v a rio u s  fo o d s tu ffs  as a ssessed  by th e  d i f f e re n t
l4> ^
s tandards. Such d if fe re n c e s  make th e  use o f aqy pub lished  standard  
su sp ec t.
Of th e  thiee systems o f  eva lua ting  the  energy con ten ts  o f  feeds 
and energy requiram ents d e ta i le d  above, th e  n e t energy ( s ta rc h  
equ iva len t) ^ s te m  i s  th e o r e t ic a l ly  th e  most s a t i s fa c to r y  s ince  i t  
i s  th e  only one ih ic h  ta k e s  in to  account a l l  lo s s e s  o f energy 
a sso c ia ted  with th e  u t i l i z a t i o n  o f  feed  energy. The most se rio u s  
c r i t ic is m  o f the  ^ s te m  i s  th a t  put forw ard ty  Forbes (1933) and by 
M itch e ll (1934^ 1937) th a t  th e  n e t u t i l i z a t i o n  o f  feed  energy i s  
only a t  a  maximum when th e  feed  forms p a r t  o f a  balanced r a t io n .
I t  i s  undoubtedly t ru e  th a t  energy u t i l i z a t i o n  i s  a ffe c te d  by g ross 
n u t r i t io n a l  d e f ic ie n c ie s  (K le ib e r, 19U5-6), though not in v a r ia b ly  
so (B lax te r and Rook, 1955), and p o ss ib ly  a lso  by g ro ss  n u t r i t io n a l  
im balance, bu t an a n a ly s is  by Breirem ( I 9W4,  1953) o f K e lln e r 's  
o r ig in a l  r e s u l t s  in d ic a te s  th a t  v a r ia t io n s  i n  crude p ro te in  and 
crude f ib r e  conten t vhich occur i n  p r a c t ic a l  r a t io n s  are  in s u f f ic ie n t  
to  in flu e n ce  s ig n i f ic a n t ly  th e  u t i l i z a t i o n  o f  feed  energy.
In  th e  development o f a  p r a c t ic a l  feed ing  standard , however, 
f a c to r s  o th e r  th an  th e  th e o r e t ic a l  co rre c tn e ss  o f  th e  system on 
which i t  i s  based determ ine i t s  u se fu ln e ss . The o b jec t o f a 
s tandard  i s  th a t  i t  should serve not only  as  a  guide to  th e  feed ing  
o f  in d iv id u a l c a t t l e  but a lso  in  th e  o rg an iza tio n  o f feed  su p p lie s  
on in d iv id u a l farms and on a  n a tio n a l s c a le . S ince th e  u t i l i z a t i o n  
o f feed  energy i s  known to  vary  markedly from one animal to  another 
and a lso  w ith one anim al from tim e to  tim e, i t  i s  c r i t i c a l l y
im portant th a t  aqy standard  should be based on determ inations made
w ith  a  f a i r l y  la rg e  number o f c a t t l e  under a  v a r ie ty  o f 
circum stances.
The te c h n ic a l d i f f i c u l t i e s  a sso c ia ted  w ith th e  determ ination  
o f n e t energy and s ta rc h  eq u iv a len t v a lu es  w ith  c a t t l e  by th e  
c la s s ic a l  method o f r e s p i r a t io n  ca lo rim etry  have se rio u s ly  lim ite d  
th e  number o f determ inations on idiich a  s tandard  can be based ( to
th e  e x ten t th a t  most o f th e  v a lues  rep o rted  i n  the  l i t e r a t u r e  are
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the  r e s u l t  o f  th e  e a r ly  work by K ellner and Armsby) and consequently 
th e  mean va lues rep o rted  f o r  th e  v a rio u s  feed s  are  o f mixed 
s ig n if ic a n c e . K le ib e r, Regan and Mead (1945) have c a lc u la te d  th a t  
th e  c o e f f ic ie n t  o f v a r ia t io n  a ttach ed  to  the  n e t energy v a lu e  o f 
s ta rc h , which formed th e  b a s is  o f K e lln e r 's  s tandard , was + 11^, 
and Meigs (1925) has  po in ted  ou t th a t  i n  determ ining th e  n e t u t i l i z a ­
t io n  o f  th e  m etabo lizab le  energy o f  a  c lover hay Armsby and F r ie s  
( 1905,  1908) ob tained  v a lu es  as w idely s c a tte re d  as 51, 78 and 93^*
T ota l d ig e s t ib le  n u tr ie n t  standards and Scandinavian feed- 
u n i t  standards are  th e re fo re  fre q u e n tly  used  in  p reference  to  th e  
n e t energy and s ta rc h  eq u iv a len t s tandards, since  they  a re  based 
on th e  r e s u l t s  o f very  ex tensive  feed ing  t r i a l s  and th e  mean values 
f o r  th e  v a rio u s  feeds a re  known w ith a f a i r  degree o f c e r ta in ty .
There does not appear to  be, however, a s u f f ic ie n t ly  genera l 
a p p re c ia tio n  o f the  l im ita t io n s  o f th ese  stan d ard s. An a n a ly s is  
by Breirem (1941+) o f r e s u l t s  ob tained  by K e llne r has shown th a t  th e  
d ig e s t ib le  n u tr ie n ts  o f  roughages a re  not used by an animal with 
th e  same e f f ic ie n c y  as  those contained  i n  concen tra te  feeds and th e  
t o t a l  d ig e s t ib le  n u tr ie n t  system i s  thus not s u ita b le  fo r  the  
comparison and e v a lu a tio n  o f  feeds  o f d i f f e re n t  ty p es . This has 
been emphasized i n  p r a c t ic a l  experim ents conducted by Moore and 
co-workers ( I r v in ,  Shaw, Saarinen and Moore, 1951; Moore, I r v in  and 
Shaw, 1953) .  A more convincing i l l u s t r a t i o n  o f t h i s  p o in t has been 
provided re c e n tly  by B lax te r and Graham (1954). In  th e  Scandinavian 
fe e d -u n it  system, changes in  boc^r substance are  allowed fo r  by 
re fe ren ce  to  changes i n  body w eight, a  procedure which can give 
r i s e  to  considerab le  e r ro r s  (se e  Mf^llgaard, 1929).
I t  seans l ik e ly  th e re fo re  t h a t  a l l  th e  feeding standards 
i n  cu rren t use  are  sub jec t to  q u ite  s iz e a b le  e r ro r s ,  which 
cum ulatively  g ive r i s e  to  th e  la rg e  d iffe re n c e s  between standards 
in d ic a te d  by B lax te r (1950), I t  i s  d i f f i c u l t  to  determ ine which 
o f  th e  a v a ila b le  feed ing  s tandards i s  the  most c o rre c t. A p r a c t ic a l  
comparison o f th e  v a rio u s  standards has been attem pted by Y ates,
Boyd and P e t t i t  (1942). In  an a n a ly s is  o f  numerous t r i a l s  conducted
—  t>  —
i n  Denmark, t h ^  in te rp re te d  th e  r e s u l t s  on th e  o a s is  o f th e  in ta k e  
of feed  energy as measured by ^starch eq u iv a len t, t o t a l  d ig e s t ib le  
n u tr ie n t  and fe e d -u n it  s tandards. They concluded th a t  th e  s ta rc h  
eq u iv a len ts  o f feeds provide a more r e l i a b le  b a s is  fo r  th e  ra tio n in g  
o f  l iv e s to c k  th an  do fe e d -u n its  o r  d ig e s t ib le  n u tr ie n t  s tandards, 
Olsson CI95I )  has shown w ith  working ho rses th a t  the  replacem ent o f 
co n cen tra tes  i n  th e  r a t io n  by hay according to  n e t energy r e la t io n ­
sh ip s  m aintained the  weight o f th e  anim als, whereas replacem ent 
according to  m etabo lizab le  energy re la t io n s h ip s  d id  n o t.
D eterm ination o f th e  n e t energy va lues  o f feeds
The forego ing  d isc u ss io n  shows th a t  c u rre n t feed ing  s tandards, 
ir r e s p e c tiv e  o f th e  ^ s te m  on “sh ich  t h ^  are  based, a re  no t a 
r e l ia b le  guide to  th e  feeding  o f  c a t t l e .  I t  shows a lso  th a t  the  
e r ro rs  p resen t in  t o t a l  d ig e s t ib le  n u tr ie n t  and fe e d -u n it  standards 
a re  i n  th e  main a t t r ib u ta b le  to  th e  l im ita tio n s  o f th e  systems on 
■fchich they  are  based, idiereas th e  l im ita tio n s  o f  th e  n e t energy 
and s ta rc h  eq u iv a len t standards a re  to  a  much g re a te r  e x te n t a 
r e f le c t io n  o f th e  te c h n ic a l  d i f f i c u l t i e s  a sso c ia te d  w ith  th e  
d e term ination  o f th e  complete energy exchange o f c a t t l e  by the  
c la s s ic a l  method o f  r e s p i r a t io n  ca lo rim etry . This suggests th a t  a 
p ro f i ta b le  approach to  the  development o f a r e l i a b le  feed ing  
standard  wDuld be to  seek a  sim pler method fo r  the  study o f  energy 
exchange to  be used in  th e  determ ination  o f th e  net energy v a lu es  
o f feed s .
In  t h i s  th e s is  a  stu^y  has been made o f th e  main sources o f 
e r ro r  i n  th e  de term ination  o f  n e t energy v a lu es  o f  feed s  i n  energy 
balance s tu d ie s  w ith  c a t t l e .  As a  r e s u l t ,  a  new method o f studying 
energy exchange has been developed and i t  has been compared w ith 
th e  c la s s ic a l  method o f stuc(ying energy exchange in  experim ents 
w ith ca lves  and sheep.
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SECTION I
AN AHAIYSIS OF THE CONTEmONAI. METHOD OF lETERl-IlNING NET 
ENERGY VALUES
The n e t energy p r in c ip le
The fo llow ing  d e f in i t io n s  are  an e s s e n t ia l  in tro d u c tio n  to  a  
stu^y o f n e t energy v a lu e s .
The g ro ss  energy o f a  feed  i s  th e  h ea t l ib e ra te d  on combustion 
as determ ined ty  bomb calo rim etry .
The m etabo lizab le  energy o f a  feed  i s  th e  gross energy l e s s  
the  energy l o s t  to  th e  animal in  th e  fae c e s , u r in e  and exp ired  
com bustible gases. I t  i s  not a  term of d i s t i n c t  p h y sio lo g ica l 
s ig n if ic a n c e  s ince  i t  in c lu d es  th e  h ea t l o s t  during ferm en ta tion  in  
th e  gut and i t  does no t in c lu d e  th e  energy o f e x c re tio n s  in to  th e  
a lim entary  t r a c t ,  # i ic h  i s  known as the  'm etabo lic  fa e c a l energy' 
(B lax te r and M itc h e ll, 1948).
The h ea t production  o f an anim al can be measured ty  ' d i r e c t  ' 
o r 'in d ire c t*  ca lo rim e try , i n  'd ire c t*  ca lo rim etry , h ea t p roduction  
i s  c a lc u la te d  from th e  heat lo s s  determ ined by c a lo r im e tr ic  methods. 
(T h is i s  no t a  p r a c t ic a l  method in  th e  de te rm ina tion  o f n e t energy 
va lues  and w i l l  not be r e f e r r e d  to  in  th e  subsequent d isc u ss io n .)
In  'in d ire c t*  ca lo rim etry , th e  h ea t production  i s  c a lc u la te d  from 
oxygen consumption, carbon d ioxide p roduction  and u r in a ry  n itro g en  
ex p re tio n , o r frcm carbon and n itro g e n  balance d a ta .
The energy balance i s  given by su b tra c tin g  th e  h ea t production  
from th e  m etabolizable  energy in ta k e , o r i t  may be c a lc u la te d  from 
carbon and n itro g en  balances.
The n e t energy va lu e  o f a  feed  i s  defined  as th e  in c re ase  in  
energy s to rage  vhich  occurs when a  u n i t  weight o f  th e  food i s  added 
to  th e  production  r a t io n  o f  a  f a t te n in g  anim al. The r e la t io n  between 
energy balance and feed  in ta k e  i s  c u rv il in e a r  and n e t energy values 
are  determ ined only between the  l im it s  o f  m aintenance and approxim ately 
2^ tim es m aintenance, over which range th e  r e la t io n s h ip  i s
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approxim ately l in e a r .  Below th e  maintenance le v e l  o f feed in g , the  
h ea t lo ss e s  a sso c ia te d  w ith  the  u t i l i z a t i o n  o f feed  energy a re  le s s  
than  th o se  observed above th e  maintenance le v e l ,  w h ils t a t  le v e ls  
o f feeding  above approxim ately 2^ tim es m aintenance, energy balance 
p e r u n i t  o f food d e c lin es  due, among o th e r th in g s , to  a  decrease in  
d i g e s t ib i l i t y .
The n e t energy va lu e  o f a  food may oe c a lc u la te d  from the
fo llow ing  equation:
Net energy value  = K* x  % G .  .......................... ( l )*  n  ^
where, = ^2 -
^2 “ ^1
and ■‘m ' I
= th e  n e t  a v a i la b i l i ty  o f the  m etabo lizab le  
energy, expressed  as a %
= the  m etabo lizab le  energy as  a ^  o f the  
g ross energy
G = th e  g ross energy o f the  food (G al.)
F » th e  food in ta k e  (k g .)
E = th e  energy balance (G al.)
M = th e  m etabolizable  energy in ta k e  (G al.)
S ubscrip ts  1 and 2 r e f e r  to  the  le v e ls  o f  feed ing , one 
a t  o r about maintenance and th e  o th e r a t  some h ig h er 
l e v e l .
E rro rs  a ttach ed  to  deteim ined ne t energy va lues o f  feeds 
The e r ro r  a ttached  to  a  n e t energy value  o f a  feed  determ ined 
according to  th e  c la s s ic a l  d iffe re n c e  procedure can be estim ated  
from an a n a ly s is  o f r e p l ic a te  de te rm ina tions o f n e t energy va lues 
rep o rted  in  th e  l i t e r a t u r e .  The a n a ly s is  o f  v a rian ce  technique 
has been used to  give in  Table 1 th e  standard  d e v ia tio n  and 
c o e f f ic ie n t  o f v a r ia t io n  a ttach ed  to  d e te m in a tio n s  o f ne t energy 
v a lu es  rep o rted  iy  se v era l au tho rs . With th e  exception  o f th e  
r e s u l t s  o f Forbes, Braman, K riss  and Sw ift (1933)  ^ th e  standard
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d e v ia tio n  i s  c o n s is te n tly  h i ^ .  The mean value  o f  + 221 G al./kg . 
dry m atte r  i s  eq u iv a len t to  + 9 ,3  u n i ts  o f  s ta rc h  eq u iv a len t, 
i . e .  approxim ately tw o -th ird s  o f the  e s tim a tes  o f th e  s ta rc h  
equ iva len t o f a  hay w ith a  s ta rc h  eq u iv a len t o f 40 would l i e  
between th e  v a lu es  o f  31 and 49.
An a n a ly s is  o f many d e te m in a tio n s  o f m etabo lizab le  energy 
o f feeds  made by Hitzmann and B enedict (1938) i s  g iven in  Table 2 , 
and th i s  shows th a t  only a sm all e r ro r  (c o e f f ic ie n t  o f v a r ia t io n ,
+ i s  a ttach ed  to  a  determ ined m etabo lizab le  energy o f a  feed ,
A s im ila r  a n a ly s is  o f d e te m in a tio n s  o f the  n e t energy o f  feed s  made 
by th e  same au thors (Hitzmann and B enedict, 1938) gave a much 
la rg e r  e r r o r  ( c o e f f ic ie n t  o f v a r ia t io n , + 8 . 33^ ) .  The h igh  e r ro r  
a ttach ed  to  determ ined n e t energy v a lu es  o f  feeds i s ,  th e re fo re , 
a sso c ia te d  la rg e ly  w ith th e  de term ination  o f  the  n e t a v a i la b i l i ty  
o f the  m etabo lizab le  energy.
There a re  fo u r f a c to rs  vAiich could c o n tr ib u te  to  th e  e r ro r :
(a) a n a ly t ic a l  and in stru m en ta l e rro rs ;  (b) e r ro r s  o f in te rp re ta t io n ;
(c) the  m ag n ifica tio n  o f te c h n ic a l  and in te r p r e ta t io n a l  e rro rs  by 
th e  experim ental design; (d) th e  b io lo g ic a l v a r ia t io n s  o f  anim als 
in  the  u t i l i z a t i o n  o f feed  energy.
A n a ly tica l and in stru m en ta l e r ro r s  These a re  u su a lly  sm all 
(see M itc h e ll, 1935) and i t  i s  u n lik e ly  th a t  improvements in  
techn ique would reduce s ig n if ic a n t ly  th e  e r ro r  a ttach ed  to  a  n e t 
energy v a lu e .
E rro rs  a r is in g  from th e  in te r p re ta t io n  o f  th e  r e s u l t s  o f 
in d ir e c t  ca lo rim e try  The com putation o f energy sto rage from 
carbon and n itro g en  sto rage  by use o f th e  f a c to rs  o f Armsby (191?) 
has been shown by B lax te r and Rook (1953) to  g ive r i s e  to  an 
e r ro r  o f the  o rder o f a  few per cen t. This e r r o r ,  however, would 
be system atic  and would not be included  in  the  es tim a tes  o f 
v a r ia t io n  given in  Table 1.
The re s p ira to ry  q u o tie n t method o f  computing energy s to rage  
makes the  fo llow ing  assum ptions;- (1) th a t  th e  d is s im ila t io n  o f 
f a t ,  p ro te in  and carbohydrate r e s u l t s  in  c h a ra c te r is t ic  r e s p ira to ry
TABLE 2
A nalysis o f v a rian ce  o f  th e  m etabolizable  energy value 
of r a t io n s  composed o f s in g le  feeds (c a lc u la te d  from 
the  d a ta  o f Ritzmann and B enedict, 1935)
Source o f Degrees o f Mean Variance r a t io
v a r ia t io n  freedom square (e^^)
Between feed s  11 128,076 3.U5*
m th in  feed s  25 3 ,7 H
T o ta l 36
C o effic ien t of v a r ia t io n  t j i th in  feeds + 1,66^
*S ig n if ie ant when P = 0,01
TABLE 3
A nalysis o f v a rian ce  o f  th e  n e t energy va lues  o f  r a t io n s  
composed o f s in g le  feeds (c a lc u la te d  from th e  d a ta  o f 
R itm ann  and B enedict, 1938)
Source o f Degrees o f Mean Variance r a t io
v a r ia t io n  freedom square (e^z)
Between feed s 11 255,884 8.37*
"Within feeds 25 30,559
T o ta l 36
C o e ffic ie n t o f v a r ia t io n  w ith in  feeds + 8.33^
*S ig n if ic a n t when P = 0.01
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q u o tie n ts , and (2) th a t  th e  B lie b tre u  equation  (B lie b tre u , I 9OI) 
g ives a  c o rre c t e s tim a te  o f h e a t p roduction  when the  non -p ro te in  
r e s p ira to ry  q u o tie n t i s  g re a te r  th an  1 ,0 . I n  a  metabolism 
experiment in  which the  n o n -p ro te in  r e s p ira to ry  q u o tie n t does no t 
r i s e  above 1 ,0 , c a lc u la t io n  o f  the h ea t p roduction  by th i s  method 
i s  v a l id  provided account i s  tak en  o f th e  lo s s  o f in te rm ed ia te  
m etab o lite s  and o f u r in a ry  carbon d iox ide . The abso lu te  accuracy 
of the  c a lc u la tio n  i s ,  however, determ ined Ty th e  v a lu es  taken  
fo r  the  c a lo r i f ic  v a lu e  o f hoày f a t ,  p ro te in  and carbohydrate and 
fo r  th e  r e s p ira to ry  q u o tie n ts  -fthich a r i s e  during th e i r  d is s im ila tio n . 
Only a n a ll  s y s ta n a tic  e r ro r s  would be in cu rred  and th ese  would not 
be included  e n t i r e ly  in  th e  es tim a tes  o f  v a r ia t io n  in  Table 1 ,
C a lcu la tio n s  of h e a t p roduction  invo lv ing  th e  use o f the  
B lieb tre u  equation  a re , however, open to  q uestion  s in ce  th e  equation  
i s  e n t i r e ly  em p irica l and i s  known to  overestim ate  h ea t p roduction  
in  th e  s te e r  on occasions by 500 to  1000 Gal. I f ,  i n  a  d iffe re n c e  
experim ent, the  h igher p lane o f  n u t r i t io n  gave r i s e  to  an R.Q. g re a te r  
than  1 ,0  and th e  lower d id  n o t, an in te r p r e ta t io n a l  e r ro r  o f  t h i s  
o rder could a r i s e .  Such occasions, however, ïjould be o f in fre q u en t 
occurrence.
V aria tio n  a r is in g  from the  experim ental design  The determ ina­
t io n  o f a  n e t energy va lue  according to  equation  1 (p , 8) re q u ire s  
e s tim a tes  o f  the  energy balance to  be made a t  two le v e ls  o f feed in g , 
and th e  e r ro rs  a ttached  to  th e  two e s tim a tes  a re  a ttach ed  f in a l ly  
to  the ne t energy v a lu e . The experim ental design , th e re fo re , 
maximises a n a ly t ic a l  and in stru m en ta l e r r o r s  and the  e r ro r s  o f 
in te r p re ta t io n ,  and in  an experiment i n  ^Èiich the  two p lanes o f 
n u t r i t io n  d i f f e r  only  s l ig h t ly ,  th ese  e r ro r s  w i l l  assume an im portance 
g re a te r  th an  has been suggested i n  the  prev ious d iscu ss io n . This 
i s  i l l u s t r a t e d  by th e  high e r ro r s  a ttach ed  to  th e  r e s u l t s  o f M itc h e ll, 
Hamilton and Haines (1940) (see  Table 1) fo r  the n e t energy o f 
g lucose, i n  which the p lanes o f  n u t r i t io n  d if fe re d  by le s s  than  
h a lf  th e  maintenance requirem ent.
Also, in  th e  d iffe re n c e  type o f experiment used in  the
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deteiTJiination o f  n e t energy v a lu e s , v a r ia t io n s  in  th e  maintenance 
requirem ents o f  an animal are  included  i n  the  e r ro r  a ttach ed  to  the  
ne t energy v a lu e . Ritzmann and Benedict (1938) have emphasized th e  
wide v a r ia t io n s  i n  h ea t p roduction  which may occur over pe riods  as  
sho rt a s  6 to  8 weeks and an experim ent w ith  c a t t l e  f o r  th e  
dete rm ina tion  o f a  ne t energy value  may cover a  s im ila r  period .
The v a r ia t io n s  observed by Ritzmann and Benedict were o f the  o rder 
o f + 2000 C a l./d ay , eq u iv a len t to  approxim ately 20% o f  th e  b a sa l 
heat p roduction  o f a  s te e r .  I t  appears probable, th e re fo re , th a t  
a la rg e  p a rt o f th e  es tim ate  o f v a r ia t io n  recorded in  Table 1 ra y  
be a t t r ib u te d  to  v a r ia t io n s  in  m aintenance requirem ent throughout 
the course o f an experim ent.
V a ria tio n  a r is in g  from d iffe re n c e s  in  th e  u t i l i z a t i o n  o f  feed  
energy by anim als Animals may d i f f e r  in  t h e i r  u t i l i z a t i o n  o f  feed  
energy in  two ways: t h y  may have d i f f e r e n t  m aintenance requirem ents
fo r  energy o r t h y  may d i f f e r  in  the  e f f i c i e n y  w ith  idiich they  
u t i l i z e  feed  energy. According to  the  conventional method of 
c a lc u la tin g  n e t energy v a lu e s , v a r ia t io n s  i n  m aintenance requirem ents 
from animal to  anim al, as d i s t in c t  from v a r ia t io n  in  th e  maintenance 
requirem ent of an in d iv id u a l anim al throughout th e  experim ental 
p e rio d , do not g ive r i s e  to  d i f f e re n t  v a lu es  fo r  a s in g le  feed . The 
e f f i c i e n y  w ith which an animal u t i l i z e s  i t s  feed  energy i s ,  however, 
included  in  the  value; in  f a c t ,  a n e t energy value  i s  a  measure not 
only o f th e  a v a ila b le  energy o f a  feed  but o f th e  e ff ic ie n c y  w ith  
which an animal u t i l i z e s  i t .  V a ria tio n s  in  th e  e f f i c i e n y  o f  th e  
converter a re  thought to  be re sp o n sib le  fo r  a  la rg e  p a r t  o f the  
v a r ia t io n  observed in  c a lo r im e tr ic  s tu d ie s  w ith c a t t l e .  The e r ro r s  
a ttach ed  to  n e t energy v a lu es  rep o rted  in  th e  l i t e r a tu r e  a re  confounded 
and i t  has not been p o ss ib le  to  use  them to  give a  p re c ise  e s tim a te  
o f v a r ia t io n  between in d iv id u a ls  in  th e  e ff ic ie n c y  o f  feed  u t i l i z a t i o n  
bu t in  experim ents conducted by Forbes, Braman and K riss  (1930), 
w ith two s te e r s ,  s im ila r  i n  s iz e  and b reed , on th re e  r a t io n s ,  the  
u t i l i s a t i o n  o f  m etabo lizab le  energy by ore s te e r  was c o n s is te n tly
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and s ig n if ic a n t ly  h igher than  i n  the  o th e r . The mean n e t e f f ic ie n c ie s  
fo r  the  u t i l i z a t i o n  o f  m etabo lizab le  energy were 56.6 and 59.5^. I t  
can reasonably  be assumed th a t  considerab ly  la rg e r  d iffe re n c e s  e x is t  
between c a t t l e  d is s im ila r  i n  breed and fu n c tio n .
Methods o f in c re as in g  th e  u se fu ln ess  o f n e t energy va lues 
Frcrni th e  foregoing d isc u ss io n  i t  fo llow s th a t  th e  two fa c to rs  
la rg e ly  resp o n sib le  f o r  th e  h i ^  e r ro rs  a ttach ed  to  th e  net energy 
de te im inations recorded  i n  Table 1 a re  (a) the use  o f experim ental 
designs i n  which only  sm all d iffe re n c e s  i n  n u t r i t io n a l  p lane are 
employed and (b) the  v a r ia t io n s  due to  b io lo g ic a l  d iffe re n c e s  between 
anim als and w ith in  in d iv id u a l animals from time to  tim e. Ary 
attem pt to  in c re ase  th e  u se fu ln ess  o f n e t energy v a lues  must seek 
to  minimize the e f f e c t  o f e i th e r  o r bo th  o f  these  f a c to r s .
The in tro d u c tio n  o f experim ental designs i n  which la rg e  
d iffe re n c e  s i n  n u t r i t io n a l  p lane are  employed i s  always l im ite d  ty  
th e  a p p e tite  o f th e  animal and by the  decrease in  d ig e s t ib i l i t y  
observed a t  high le v e ls  o f feed ing . To minimize th e  e f f e c t  o f  th e  
b io lo g ic a l  v a r ia t io n  observed in  anim als by in c reas in g  the  number 
o f  de te rm ina tions on ih ic h  a  n e t energy value  i s  based, would 
appear, th e re fo re , to  o f fe r  the g re a te s t  scope,
A new approach to  th e  de te  im ination  o f th e  ne t energy 
va lues o f feeds
I n  th e  p a s t ,  r e p l ic a t io n  has been l im ite d  by the te c h n ic a l 
d i f f i c u l t i e s  a sso c ia te d  w ith  th e  de term ination  o f energy balances 
on farm anim als and by th e  co st o f  b u ild in g  and running r e s p i ra t io n  
chambers. Because o f  th ese  te c h n ic a l  d i f f i c u l t i e s ,  many determ ina­
t io n s  o f  n e t energy va lues  have been based on r e s p ira t io n  s tu d ie s  
l a s t in g  only 12 o r 24 h r .  and in  such sh o rt periods undue importance 
i s  a ttached  to  th e  a c t i v i t y  o f th e  anim al. To f a c i l i t a t e  r e p l ic a ­
tio n , i t  i s  th e re fo re  necessary  to  d ispense w ith r e s p ira t io n  
chamber techn ique. T his would be d e s ira b le  a lso  from another p o in t 
o f view. The co n d itio n s  w ith in  a r e s p ira t io n  chamber are  not
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comparable w ith  those o f s ta l l - f e e d in g , since e x e rc ise  i s  l im ite d  
and th e  atmosphere o f  the  chamber co n ta in s  carbon d iox ide , w ater 
vaposrand o th e r gases i n  q u a n ti t ie s  s u f f ic ie n t  to  be obnoxious, i f  
no t harm ful.
Several p o ss ib le  in d ir e c t  methods o f studying energy exchange, 
th a t  a re  independent o f r e s p i r a t io n  chamber technique, have been 
rep o rted  in  the  l i t e r a tu r e .  The determ ination  o f h e a t p roduction  
from in se n s ib le  lo s s  o f body weight has been considered  by both  
K riss  ( I 93O) and M itch e ll and Hamilton (1936) but bo th  groups o f 
workers are  o f th e  opinion th a t  the  method could not be used w ith  
accuracy in  th e  de term ination  o f energy balances in  c a t t l e .  The 
in se n s ib le  lo s s  o f  body w e i ^ t  measures th e  d iffe rence;; between the  
lo ss e s  from th e  boc^ o f  w ater vapour and carbon d ioxide and th e  uptake 
o f  oxygen, and f o r  i t s  in te r p r e ta t io n  a knowledge o f th e  r e s p ira to ry  
q u o tien t i s  necessary . K riss , and M itch e ll and Hamilton, found th a t ,  
under ord inary  co n d itio n s  o f s ta l l - f e e d in g , th e  r e s p ira to ry  q u o tien t 
i s  too  v a ria b le  to  be assumed constan t during  th e  p e rio d  o f a 
de term ination .
R ecently , a  number o f methods o f  e s tim a tin g  q u a l i ta t iv e  d iffe re n c e s  
i n  bocy com position have been proposed by American workers. K ^ s ,
Brozek, H enschel, M ickelsen and Taylor (1950) used measurements o f 
sk in fo ld  th ick n ess  and body p ropo rtions  to  a sse ss  th e  degree o f 
fa tn e s s  in  humans, but such methods are  o f  low accuracy. L esser,
Blimiberg and S te e le  (1952) have in troduced  a novel scheme fo r  the  
e s tim a tio n  o f body f a t  based on th e  d i f f e r e n t  s o lu b i l i t i e s  o f 
cyclopropane in  the  f a t t y  and f i e  s ly  t is s u e s  o f th e  boc^ but th i s  
method i s  a lso  o f  low accuracy. The schem atic d iv is io n  o f th e  body 
in to  i t s  fo u r  major c o n s ti tu e n ts  -  f a t ,  p ro te in , ash and w ater -  as 
performed by Keys e t  a l , (1950) and by McCance and Middowson (1951) 
in  q u a l i ta t iv e  s tu d ie s  w ith  humans could , however, be adapted fo r  
use i n  q u a n ti ta t iv e  s tu d ie s  o f energy metabolism, s ince  th e  p r in c ip le  
o f th e  method can be ap p lied  eq u a lly  to  the  growth o f an anim al, 
as fo llow s: -
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G = F + P + ¥ + A ...... ...................................... .. (2)
where,
G s  t o t a l  ga in  o f body substance 
F = gain  o f  body f a t  
P = gain  o f  body p ro te in  
W -  gain  o f bo^y w ater 
A = ga in  o f body ash 
Fat s to rage  can th e re fo re  be determ ined by d iffe re n c e  i f  the  in c re -  
ménts o f boc^ substance, p ro te in , ash and w ater can be measured.
In  th e  in ta c t  anim al, the  c lo s e s t  approxim ation to  th e  ga in  i n  body 
substance i s  given by th e  ga in  i n  w eight, and equation  (2) would 
th e re fo re  have to  be m odified as fo llo w s;-
F s  L -  (P+¥fA) -  w -  d . . .  ........................ (3)
where,
L = ga in  i n  weight
w = change in  w ater content o f  th e  gut
d = change in  d iy  m a tte r  con ten t o f the  gut
P ro te in  and ash r e te n tio n  ty  an anim al, which inc ludes p ro te in  and 
ash re ta in e d  w ith in  th e  g u t, can be es tim ated  w ith  accuracy from 
th e  n itro g e n  and ash re te n t io n s .  Changes i n  the dry m atte r  con ten t 
o f the gut would th e re fo re  lea d  to  only sm all e rro rs  amounting to  
a weight o f f a t  equ iva len t to  th e  weight o f no n -p ro te in  organic 
m a tte r  s to re d  in  o r l o s t  from th e  g u t. The accuracy w ith  which f a t  
s to rage  could be p red ic te d  from equa tion  (3) would thus depend on 
th e  accuracy o f th e  measurements o f body weight and o f  th e  change 
i n  water con ten t.
For the  in d ir e c t  method to  provide a  s a t i s f a c to iy  a l te rn a t iv e  
to  th e  method o f  r e s p i ra t io n  ca lo rim etry  fo r  th e  study o f  energy
metabolism in  c a t t l e ,  i t  must perm it th e  e s tim a tio n  o f energy
re te n tio n  w ith  a  comparable accuracy. No f u l ly  s a t i s f a c to r y  estim ate  
o f th e  e r ro r  a ttached  to  a  measurement o f energy s to rag e  in  c a t t l e  
by th e  c a lo r im e tr ic  method can be derived  from th e  many pub lished  
r e s u l t s  o f energy metabolism s tu d ie s , since  th e  e r ro r s  o f technique 
and in te r p re ta t io n  a re  confounded w ith  th e  v a r ia t io n s  in  heat
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production  due to  sh o rt t e m  changes in  the  metabolism o f th e  animal 
under s tu (^ . K riss  (1925), however, has made numerous sim ultaneous 
e s tim a tio n s  o f h e a t production  in  c a t t l e  ty  th e  in d ir e c t  C and ÏÏ 
balance method and ty  th e  d ire c t  measurement o f  h ea t lo s s e s . The 
standard  d e v ia tio n  o f  a  s e r ie s  o f 36 e s tim a tes  o f h ea t p roduction  
in  m ilk ing  c a t t l e  was + 388 C al./2U  h r . and th e re  was no system atic  
d iffe re n c e  between th e  e s tim a te s . T his suggests th a t  f a t  s to rage  
in  c a t t l e  can be estim ated  by c a lo r im e tr ic  methods to  w ith in  + 50 g ./d ay . 
The r e la t iv e ly  simple experim ental technique req u ired  by th e  in d ir e c t  
method would make i t  p o ss ib le  to  stucÿ energy sto rage over much 
longer periods than  i s  u su a l i n  c a lo r im e tr ic  s tu d ie s . A s u ita b le  
period  would be o f th e  o rder o f  3 weeks, and f a t  s to rage  would have 
to  be es tim ated  to  w ith in  21 x  50 g . ,  i . e .  approxim ately 1 kg.
E rro rs  o f t h i s  o rder could q u ite  e a s i ly  a r i s e  i n  the  measurement 
o f bo4y weight ga in  by th e  equipment commonly used f o r  m easuring bo<^ 
weight o f c a t t l e ,  bu t th e  most modem weighbridges a re  capable o f  
g re a te r  accuracy. I f ,  however, i t  i s  assumed th a t  th e  measurement 
o f bocfer w e i^ it ga in  i s  a b so lu te , water r e te n tio n  in  c a t t l e  over a 
21-day period  would have to  be e s tim a ted  to  w ith in  + 1 k g ., which 
i s  eq u iv a len t to  le s s  than  + o f  th e  body w ater o f  a  mature 
s te e r .
The rem ainder o f t h i s  th e s i s  i s  concerned w ith th e  development 
o f a  method o f e s tim a tin g  w ater r e te n tio n  th a t  would have such a 
degree o f accuracy th a t  i t  could be used in  the  determ ination  o f 
energy s to rag e  o f c a t t l e  by th e  in d ir e c t  method.
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SECTION n
iiSFERIMENTAL METHODS'
a) Methods o f A nalysis
The c o lle c t io n  and sampling o f  m a te r ia l 
■Body t i s s u e s  and f lu id s  o f c a t t l e  Samples o f  bo(fy t is s u e s  
and f lu id s  were ob ta ined  from c a t t l e  s laugh te red  in  an a b a t to i r .  
îSxtrerae care  was taken  to  avoid contam ination o f  th e  samples and to  
p reven t lo s s  of m oistu re  from them hy evapora tion .
Two samples o f blood were taken  from each anim al immediately 
a f t e r  death . One was allowed to  c lo t  to  provide a  sample o f  serum 
and th e  o th e r  was d e f ib r in a te d  by shaking w ith  g la ss  beads. T issue 
samples were ob tained  im m ediately th e  animal was skinned and 
sub-sam ples o f  100 -  $00 g. were tra n s fe r re d  qu ick ly  to  ta re d  
stoppered b o t t l e s .  The b ra in  c a v ily  was opened w ith in  1$ -  30 min. 
o f dea th  and samples o f b ra in  t is s u e  were taken  w ith  the  same 
p recau tio n s . Bone was sec tioned  w ith  a  meat saw befo re  removing 
th e  sk in , thus avoiding excessive  contam ination o r lo s s  o f m oisture 
from the sample. Samples o f  th e  f lu id s  from the  p e r ic a r d ia l  sac  and 
the  p o s te r io r  chamber o f th e  eye were a lso  ob tained . Large samples 
o f th e  co n ten ts  o f th e  rumen, abomasum, a n a ll  in te s t in e  and caecum 
were taken  in to  stoppered v e s se ls  im m ediately the  gut was removed 
from th e  anim al.
The u t e r i  o f  fo u r  pregnant cows were c o lle c te d  a t  the  a b a t to i r  
and brought to  th e  la b o ra to ry  fo r  d is s e c tio n . They contained  fo e tu se s  
o f  3j 5^ 7 and 8 months, as judged by th e  c r i t e r i a  o f Hammond (1927). 
The fo e tu se s  o f 3 and 5 months were m acerated i n  a  high speed 
homogeniser and samples o f the  homogenates were taken in to  stoppered 
b o t t l e s .  T issue  samples were taken  from th e  fo e tu s  o f  7 months, 
f o l lo wing th e  procedure adopted fo r  c a t t l e .  Samples o f  am niotic 
f lu id  and a l la n to ic  f lu id  were taken  from th re e  o f the  u t e r i .  Ho 
attem pt was made to  analyse th e  w a lls  o f  th e  hypertroph ied  u t e r i  
s ince contam ination and lo s s  o f  m oisture were unavoidable.
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A a n a ll  number o f t i s s u e  and f lu id  samples from two w ethers 
were a lso  taken , fo llow ing  th e  procedures described .
Foods, food r e f u s a ls ,  u r in e  and faeces  The u sua l care  was 
taken in  th e  balance t r i a l s  to  ensure t h a t  the  c o lle c t io n  o f  m a te ria ls  
was q u a n ti ta t iv e  and th a t  samples were re p re s e n ta tiv e .
D eterm ination o f water 
Body t is s u e s  o th e r than  f a t  The samples in  th e i r  o r ig in a l  
co n ta in e rs  were d r ie d  a t 100° to  constan t w eight.
Fat Large samples o f  approxim ately UO g, were d r ie d  a t  hO° 
i n  vacuo over CaCl2 .
Body f lu id s  The m oisture con ten t was determ ined by the method 
o f  Golding (I9 3 h ).
Foods, food r e f u s a ls ,  m ilk , u r in e  and faeces  About 5 to  10 g. 
of m a te ria l were d r ie d  a t  100° to ’ constan t w eight.
D eterm ination o f ash 
From 5 to  10 g . o f m a te ria l were d r ie d , charred  over a  low 
bunsen flame and then  in c in e ra te d  a t  $$(P i n  a m uffle  fu rnace .
D eterm ination o f n itro g en  
A sub-sample o f f re s h  m a te r ia l  con ta in ing  up to  25 rag. o f 
n itro g en  was d ig es ted  w ith  concen tra ted  su lp h u ric  ac id  (20 m l.) and 
potassium  su lphate  (8 g .)  w ith  the  a d d itio n  o f  copper su lphate  (2 g. ) 
and selenium. (0 .2  g«} as c a ta ly s ts .  The ammonia was d i s t i l l e d  in to  
b o ric  ac id  and t i t r a t e d  d i r e c t ly  w ith  s tandard  ac id , using  th e  
screened in d ic a to r  m ethyl red  -  brom -cresol green.
D eterm ination o f carbon 
Samples o f f re s h  m a te r ia l con ta in ing  not more than  0 .1  g. 
carbon were combusted in  a stream  o f  oxygen and th e  gases were 
passed over heated  copper oxide and a copper oxide -  le a d  f lu x  
(see  P reg l, I92h). The carbon d iox ide was absorbed on s o lid  c a u s tic  
soda d isp e rsed  w ith pumice stone .
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D eteiroination o f c a lo r i f ic  value 
C a lo r if ic  v a lu es  were determ ined in  a  B aird  and T atlock bomb 
c a lo rim e te r. The tem perature change was measured w ith a th e rm is to r 
theimometer*, w ith  a  range o f 15° to  20° and reading  to  The
hoc
th e rm is to r  was c a lib ra te d  a g a in s t a  long-stem  m ercu iy -in -g lass
thermometer, w ith an N.P.L. c e r t i f i c a t e ,  read ing  to  1 ^ over the
20
range of l5 °  to  20P,
In  the  c a lc u la tio n  o f th e  c a lo r i f ic  v a lu e , use was made o f 
the  R egnault-Pfaundler coo ling  c o rre c tio n  and deductions were made 
fo r  the h e a ts  o f form ation  and s o lu tio n  o f th e  h igher oxides o f  
n itro g e n  and su lphur. The w ater eq u iv a len t o f  th e  bomb was determ ined 
w ith  benzoic a c id  (thermochemical grade, B r i t i s h  Drug Houses, L td .) .
With d r ie d  m a te ria ls  (hay, co n cen tra te s, e tc . )  samples were 
prepared fo r  a n a ly s is  by compressing 1 -  2 g. o f m a te ria l in to  a sm all 
p e l l e t .  The c a lo r i f ic  con ten ts  o f faeces  and m ilk were determ ined 
on samples o f the  f re s h  m a te ria l d r ie d  a t  60° to  minimize th e  lo s s  
o f  v o l a t i l e  organ ic  c o n s ti tu e n ts . The c a lo r i f ic  conten t o f c a lf  
u r in e  was c a lc u la te d  from th e  carbon co n ten t, using  a f a c to r  of 
3 .65 C a l./g . o f carbon (Tomme and Taranenko, 1939)j bu t fo r  sheep 
u rin e  a  d i r e c t  d e te im ina tion  was made on 10 m l. o f  u r in e  evaporated 
to  dryness under vacuum over concen tra ted  su lphuric  ac id ,
D eteim ination o f potassium  and sodium 
The methods used fo r  the  determ ination  of potassium  and sodium 
were m o d ifica tio n s  o f the  sodium c o b a l t in i t r i t e  and zinc u r a iy l  
a c e ta te  procedures. C erta in  o f th e  m od ifica tions  were suggested by 
Dr. S. J .  Rowland, o f th e  N ational I n s t i tu t e  fo r  Research i n  D airying, 
Reading, to  whom th e  au thor i s  g r a te fu l .
Great care  was taken  in  the  p rep a ra tio n  o f a l l  th e  appara tus 
used. Glassware was c leaned in  chromic ac id , washed f re e  from ac id  
and f in a l ly  b o ile d  in  d i s t i l l e d  w ater.
♦The author i s  indebted  to  Dr. W. R. Beakley o f the  Hannah I n s t i t u t e  
, f o r  the  design  o f th e  in strum en t. D e ta ils  o f th e  technique used  to  
o b ta in  l in e a r  c a l ib ra t io n  have been pub lished  (Beakley, 1951).
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Potassium With th e  excep tion  o f serum and o th e r  boc(y f lu id s ,  
a  sample o f  m a te r ia l  con ta in ing  up to  2CK3 mg. o f potassium  was 
d r ie d  and ashed a t  $$0P, The ash was e x tra c te d  w ith  5 m l. o f  N-HGl 
p lu s  25 ml. o f  d i s t i l l e d  w ater and the  so lu tio n  f i l t e r e d .  A liquo ts 
o f 5 ml. were d ilu te d  w ith  w ater to  20 ml. and th e  potassium  was 
p re c ip ita te d  a t  20P by th e  rap id  a d d itio n , w ith s t i r r i n g ,  o f  an equal 
volume o f th e  sodium c o b a l t in i t r i t e  reagen t o f Kramer and T is d a ll  
(1921) ,  p rev iously  warmed to  20° and f i l t e r e d .  A fter 2 h r .  th e  
p r e c ip i ta te  was f i l t e r e d  on a  gooch c ru c ib le , washed w ith  70^ e th an o l, 
d r ie d  and weighed. Potassium in  standard  so lu tio n s  was p re c ip ita te d  
under id e n t ic a l  co n d itio n s  and a  c a l ib ra t io n  curve ob tained .
For serum and o th e r  body f lu id s  th e  method o f  B arry  and Rowland 
( 1953) was adopted. The potassium  was p re c ip ita te d  d i r e c t ly  from 
1 ml. q u a n ti t ie s  o f m a te r ia l  (Kramer and T is d a l l ,  1921) contained  in  
a  15 m l. graduated c e n trifu g e  tube, by th e  ra p id  a d d itio n  w ith mixing 
o f 3 m l. o f  a  more d i lu te  sodium c o b a l t in i t r i t e  reag en t (ob ta ined  by 
d i lu t io n  o f  the  reagen t o f Kramer and T is d a l l  (1921) w ith  an equal 
volume o f w a te r) . P re c ip i ta t io n  was done a t  20^. A fter 2 h r .  th e  
m ixture was c e n trifu g ed , the  supernatan t l iq u id  decanted and th e  
p r e c ip i ta te  washed successiv e ly  w ith 5 m l. volumes o f  35^» 70^ and 
7(% ethano l (Aden, 19U3). The p r e c ip i ta te  was d isso lv ed  in  3 ml. 
d i s t i l l e d  w ater, 1 ml. o f a  1^ so lu tio n  o f cho line hydroch loride was 
added and the  so lu tio n s  mixed thoroughly . One m l. o f a  f re s h ly  
prepared  2$ potassium  ferrocyan ide  so lu tio n  was then  added, th e  volume 
made to  6 m l. and th e  co n ten ts  mixed. A fter c e n tr ifu g a tio n , to  remove 
s l ig h t  cloud iness due to  denatured  p ro te in , th e  green  co lour was 
determ ined pho tom etrica lly  (Jacobs and Hoffman, 1931). A s e r ie s  o f 
standards was included  in  each batch o f  d e te rm ina tions .
Sodium
P rep ara tio n  o f p ro te in  and phosphate f re e  so lu tio n s  With body 
t is s u e s ,  feed ing  s tu f f s ,  fae c e s , u r in e  and m ilk , a s u ita b le  q u a n tity  
o f m a te ria l was ashed as fo r  potassium . The ash so lu tio n  was made 
a lk a lin e  to  p h eno l-ph thale in  by th e  a d d itio n  o f s o lid  calcium 
hydroxide and f i l t e r e d .  With serum and o th e r  body f lu id s ,  2 ml. were
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d ilu te d  w ith 10 ml. o f w ater in  a  25 ml. vo lum etric  f la s k . Five ml. 
o f a 15^ so lu tio n  o f  t r ic h lo r o a c e t ic  ac id  was added dropwlse w ith 
m ixing, follow ed by 5 m l. o f a  s a tu ra te d  so lu tio n  o f le a d  a c e ta te  
and one drop o f c a p iy lic  a lco h o l. The so lu tio n  was made to  volume 
and f i l t e r e d .
D eterm ination o f  th e  sodium A liquo ts o f  th e  above se ra , 
con tain ing  a t  l e a s t  0 ,75 mg. o f sodium, were concen tra ted  to  
approxim ately 1 m l. and th e  sodium p r e c ip ita te d  by the  ad d itio n  
of 10 m l. o f zinc u ran y l a c e ta te  reagen t (P e te rs  and Van Slyke, 1932). 
The so lu tio n  was s t i r r e d  fo r  5 min. and allowed to  s tand  fo r  1 h r .
The p r e c ip i ta te  was t ra n s fe r re d  q u a n ti ta t iv e ly  to  a s in te re d  g la ss  
c ru c ib le , washed f i r s t  w ith 3$% e th an o l saturated! w ith  sodium zinc 
uranium a c e ta te  and then  w ith  e th e r ,  and f in a l ly  i t  was d r ie d  by 
drawing a i r  through i t .  I t  was weighed a f t e r  d e s ic c a tio n  fo r  1 h r .  
Blank c o rre c tio n s  were determ ined fo r  both  procedures by e x tra p o la tio n  
o f  a  graph r e la t in g  weight o f p r e c ip i ta te  to  weight of sodium i n  a 
s e r ie s  o f standard  so lu tio n s .
D eterm ination o f ch lo rid e  
The Volhard procedure described  by P e te rs  and Van Slyke (1932) 
was used.
D eterm ination o f the  red  c e l l  weight o f blood 
Ten ml. (y  g .)  o f d e f ib r in a te d  vhole blood were cen tr ifu g e d  
in  a  15 ml. graduated ce n tr ifu g e  tube and th e  serum l ^ e r  p ip e tte d  
in to  a  c ru c ib le . The c e l l s  were washed by c e n tr ifu g a tio n  w ith  th re e  
5 m l. q u a n ti t ie s  o f p ty s io lo g ic a l  s a lin e ,  th e  washings were added 
to  th e  serum, and a f t e r  the  l a s t  washing th e  volume o f  c le a r  l iq u id  
rem aining above the  c e l l  la y e r  was recorded  (x  m l.) .  The d ry  m atte r 
contained in  th e  serum p lu s  washings and th e  dry  m atte r  con ten t o f 
the  whole blood were determ ined.
The fo llow ing  c a lc u la tio n s  gave an es tim ate  of, the  re d  c e l l  
w eight.
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1) weight o f serum dry  m atte r in  w e i^ t  o f NaCl
dry m atte r  in  y  g. (A) = separa ted  serum -  In  ( l5 -x )  ml. o f
o f Tdiole blood p lu s  washings s a lin e
2) weight o f serum .
in  y  g , o f  vhole (B) =
blood % dry m atte r  o f the  serum
3) red  c e l l  weight = y  -  B
o f blood y
b) R esp ira tio n  apparatus f o r  use w ith calves
Energy balance s tu d ie s  w ith anim als p resen t te c h n ic a l d i f f i c u l t i e s  
q u ite  d i s t in c t  from th o se  encountered i n  th e  de term ination  o f n itro g e n  . 
o r m ineral balance, s ince  in se n s ib le  lo ss e s  i n  the  form o f d i re c t  
h eat lo s s  o r o f gaseous e x c re tio n  products have to  be measured. In  
th e  'd i r e c t '  method o f studying  energy exchange, th e  animal i s  housed 
in  a ca lo rim ete r and th e  a c tu a l h ea t lo s s  i s  determ ined d i re c t ly .
The c o s t o f  c o n s tru c tio n  o f an animal ca lo rim e te r fo r  use w ith farm 
animals i s  i n  most in s ta n c e s  p ro h ib itiv e  and ' in d ir e c t  ' methods, f o r  
which le s s  c o s tly  appara tus i s  req u ired , are u su a lly  p re fe rre d .
The heat production  o f  an anim al may be determ ined 'i n d i r e c t ly ' 
by c a lc u la tio n  from d a ta  on oxygen consumption, carbon dioxide 
p roduction  and u rin a ry  n itro g e n  e x c re tio n . I f  the  energy in ta k e  in  
th e  food and the  lo s s e s  o f energy in  th e  fae c e s , u r in e  and rumen 
gases are  a lso  determ ined, th e  complete energy exchange o f th e  animal 
can be c a lc u la te d . A lte rn a tiv e ly , the  energy balance may be 
c a lc u la te d  from C and N balance d a ta , on the assum ption th a t  f a t  and 
p ro te in  o f  a  constan t com position a re  th e  only energy con ta in ing  
substances s to red  in  th e  anim al body. Though th e  assumptions made 
i n  th e  c a lc u la t io n  o f  energy balance by e i th e r  o f the  above methods 
a re  not s t r i c t l y  c o rre c t, th e  two methods give r e s u l t s  in  c lo se  
agreement w ith one ano ther and w ith those  determ ined 'd i r e c t l y '
(Atwater and B enedict, 1902; K riss , 1925).
For s e r i a l  2U h r .  determ inations o f energy exchange by e i th e r  
o f the  in d ir e c t  methods, th e  experim ental animal must be housed i n  a 
r e s p ira t io n  chamber. The design  o f the  apparatus may be based on one 
o f two p r in c ip le s , th a t  o f  P e ttenko fer o r th a t  o f R egnault-R eiset
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(see Paechtner, 1931). In  th e  P e tten k o fer (o p e n -c irc u it)  type of 
apparatus, the  animal i s  housed in  a  se a le d  chamber through idiich 
a i r  i s  passed a t  a  measured r a t e ,  and th e  in c re a se  in  carbon dioxide 
con ten t, and in  c e r ta in  apparatus th e  f a i l  in  oxygen con ten t, i s  
determ ined. Two m ajor te c h n ic a l problems have to  be over come in  the  
c o n stru c tio n  o f t h i s  type o f r e s p ira t io n  chamber; the  volume o f the  
outgoing a i r  has to  be measured a c cu ra te ly  and a continuous sample
of th e  e f f lu e n t  a i r  has to  be taken fo r  a n a ly s is  fo r  carbon dioxide
and oxygen con ten t.
The most accu ra te  method makes use o f mercury a i r  pumps 
(î^Sllgaard, 1929; K le ib e r, 1935) bu t the  equipment i s  too  expensive 
f o r  genera l use . Workers i n  Europe (H einzl, 19i4h) and i n  A u s tra lia  
(M arston, 19^8) have used wet gas m eters fo r  the  measurement o f the  
e f f lu e n t  a i r  volume bu t such in strum en ts a re  n o t a v a ila b le  i n  th is
country . I n  an o p e n -c irc u it  r e s p i ra t io n  chamber fo r  ca lves construc ted
Dr. K. L. B lax te r (see  B lax te r, Graham and Rook, 195U)^ th e  method 
of B enedict, C o llin s , Hendiy and Johnson ( I 929) ,  i n  which th e  out-go ing  
a i r  i s  passed through a dry ing  column before  i t s  volume i s  measured 
by an o rd ina ry  dry gas m eter, was adopted. A continuous sample o f 
e f f lu e n t  a i r  was taken by means o f  a  sampling device worked by the 
m eter need le , which completed an e le c t r i c a l  c i r c u i t  a t one p o in t in  
each re v o lu tio n . Though the  apparatus was used in  s tu d ie s  o f the  
energy exchange o f the c a lf  (B lax te r, 1952), i t  was no t un u n q u a lif ie d  
success. P r io r  to  each run , considerab le  tim e had to  be spent in  the  
s e tt in g  o f th e  sampling device and the o p e ra tio n  o f the  chamber was 
ted io u s , req u ir in g  constan t a t te n tio n . Q uite ap art from these  
te c h n ic a l d i f f i c u l t i e s ,  the  most accu ra te  r e s u l t s  were ob tained  when 
th e  carbon dioxide con ten t o f the  chamber a i r  was m aintained a t  O.7  
to  0. 9^ . The heat p roduction  o f an animal w ith in  th e  chamber could 
n o t, th e re fo re , be considered  ty p ic a l  fo r  anim als m aintained under 
more n a tu ra l  co n d itio n s .
In  th e  development o f an apparatus fo r use in  the  p resen t 
s tu d ie s , a t te n t io n  was tu rned  to  the  p o s s ib i l i ty  o f co n stru c tin g  a 
R egnault-R eiset type  o f r e s p i ra t io n  chamber which would prove more
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s a ti s fa c to r y  i n  o p e ra tio n  than  th e  above P e tten k o fer ap p ara tu s . The 
R egnau lt-R eise t p r in c ip le  i s  th a t  o f  m ain ta in ing  th e  experim ental 
anim al i n  a  c lo sed  system from which th e  w ater vapour and carbon 
d iox ide a re  removed con tinuously  and in  which the  oxygen consumed 
i s  con tinuously  rep laced  from a  r e s e rv o ir .  The m ajor te c h n ic a l  
d i f f i c u l t i e s  to  be overcome are  the  c o n s tru c tio n  o f  an appara tus f re e  
from le a k s  and th e  removal o f  the  la r^ e  q u a n ti t ie s  o f carbon d ioxide 
and w ater vapour produced by a  sheep o r a  c a l f .
A r e s p i r a t io n  chamber o f  t h i s  ty p e , f o r  use w ith  ca lv e s , was 
su c ce ss fu lly  co n stru c ted , and i t  has proved s u ita b le  f o r  s e r i a l  2k h r . 
d e te rm ina tions  o f energy exchange. D e ta ils  o f i t s  c o n s tru c tio n  w i l l  
be given i n  f u l l .  A r e s p i r a t io n  chamber s im ila r  i n  c o n s tru c tio n  b u t 
m odified  ty  Dr. K. L. B lax te r and Mr. N. McC, Graham fo r  use w ith  
sheep (B lax te r, Graham and Rook, 195U) was used in  the  s tu d ie s  o f 
energy balance w ith  sheep.
D e ta ils  o f  c o n s tru c tio n  o f th e  R egnau lt-R eise t type 
r e s p i r a t io n  chamber and a n c il la ry  appara tus
The appara tus i s  i l l u s t r a t e d  in  P la te  1 , and a s e c tio n a l view, 
to g e th e r  w ith an index  o f p a r ts ,  i s  g iven  i n  F igure 1.
The r e s p i r a t io n  chamber The chamber (a )  was co n stru c ted  from 
1 /8  in .  sheet i ro n  s treng thened  a t  th e  edges w ith  1^ in .  angle iro n . 
The sheet i ro n  was f i r s t  a ttach ed  to  th e  angle iro n  w ith  r i v e t s ,  the  
heads o f  the  r iv e t s  were th en  brazed and th e  angle i ro n  was welded 
to  th e  sheet m eta l. The o i l - s e a l  (b) was r iv e t te d  on to  th e  body and 
was l in e d  w ith  red  le a d  se a lin g  compound. The p lac ing  o f th e  s e a l 
a t  th e  top  o f th e  chamber, as  opposed to  th e  more u su a l p o s it io n  a t  
th e  base , in c reased  th e  r i g i d i t y  o f the  s tru c tu re  and a lso  f a c i l i t a t e d  
th e  t e s t in g  o f  th e  appara tus fo r  le a k s , since  th e  body o f th e  chamber 
could be f i l l e d  com pletely w ith  w ater.
The o u t le t  and i n l e t  p ipes  (c^ j 02) o f th e  c i r c u la t io n  system , 
th e  oxygen i n l e t  pipe (d ) ,  the  u r in e  o u t le t  ( e ) ,  th e  gas-sam pling 
ta p  ( f ) ,  th e  i n l e t  f o r  l iq u id  d ie t  (g) and the  conduit p ip ing  fo r  
th e  e l e c t r i c a l  le a d s  (h) were next f i t t e d .  The method o f jo in in g  a
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FIGURE 1 , S ec tio n a l view o f th e  R egnault-R eiset type o f r e s p ira t io n  
chamber and a n c i l la iy  apparatus; a, bocfy o f chamber; b , 
o i l  se a l; c 2f o u t le t  and i n l e t  p ip es  o f  c ir c u la t io n  
system; d, oxygen i n l e t ;  e, u r in e  o u t le t ;  f ,  gas sampling 
ta p ; g, i n l e t  fo r  l iq u id  d ie t ;  h , e l e c t r i c a l  lead s ; i ,  l i d  
o f chamber; 2» in sp e c tio n  windows; k , abso rp tion  
^ s te m ; 1 , ro ta ry  a i r  compressor; m, d i re c t  read ing  flow  
gauge; n, sp irom eter; o, o:jygen cy lin d e r; p, compressor 
sw itchboard; q , chamber sw itchboard.
m
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pipe to  the  chamber was as fo llow s; th e  end o f th e  pipe was th readed , 
a  b rass  f lange  was b razed  on to  th e  pipe beyond the  th re a d , a rubber 
washer was p laced  next to  the  f lange  and the  pipe was f i t t e d  in to  
p o s itio n  through a  hole in  th e  chamber. A second washer and flange 
were p laced on the  pipe from th e  in s id e  o f  th e  chamber and the  pipe 
was held  in  p o s itio n  ty  a  nut screwed up t ig h t ly  aga in st th e  second 
f lan g e . The conduit pipe was o f a  U-shape and a f t e r  the  e le c t r i c a l  
leads  were in se r te d  i t  was sealed  ty  f i l l i n g  w ith  m olten wax. The 
feed  funnel was connected to  the  feed  pipe through a g la ss  U-tube 
Tdiich was sea led  by f i l l i n g  i t  w ith w ater. The u rin e  o u t le t  se a l 
co n s is ted  o f a  s tr a ig h t  p ipe lead ing  from th e  base o f the  chamber 
in to  a  sm all n ick e l cup, from th e  top  o f which a pipe le d  o f f  in to  a 
c o lle c tio n  v e s se l .
The l i d  o f the  chamber ( i )  was co n stru c ted  in  a  manner s im ila r  
to  th a t  o f the  body o f th e  chamber. The in sp e c tio n  windows ( 
f i t t e d  in to  th e  l i d  were made from two la y e rs  o f  perspex se a led  to  
e i th e r  s ide  o f th e  sheet i ro n  w ith  se a lin g  compound and f ix e d  in  
p o s it io n  w ith n u ts  and b o lts . The heads o f the  b o lts  were sealed  by 
p a in tin g  w ith  a  so lu tio n  o f perspex in  acetone.
A ll seams and jo in t s  in  th e  apparatus were covered w ith red  
lea d  p a in t. The in s id e  o f th e  chamber was pa in ted  w hite.
The animal cage The cage i s  i l l u s t r a t e d  i n  P la te  2 and the  
d e tai l s  o f i t s  c o n s tru c tio n  are given in  F igure 2. The framework 
o f 4 in ,  angle i ro n  was covered w ith  galvanized  sheeting  and la rg e  
mesh wire n e tt in g . The hea ting  element o f the  therm osta ting  c i r c u i t  
was he ld  in  mica guides immediately above the  c ir c u la t io n  fan  a t  the  
head o f th e  cage. The th erm o sta t, s e n s it iv e  to  changes o f 0 .2 ° , was 
a ttached  to  th e  body o f the  chamber a t the  end opposite  to  the h e a te r . 
The tem perature in s id e  th e  chamber could be v a rie d  between about 2® 
above ambient a i r  tem perature and 30° ,  and th e  two fans and b a ff le  
arrangement gave a s a t is fa c to ry  tem perature d is t r ib u t io n ,  i n  s p ite  
o f the  f a c t  th a t  the  u r in e  pan tended to  cu t th e  chamber in to  two 
tem perature zones.
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FIGURE 2. S e c tio n a l view  o f th e  anim al cage used  in  con junction  
w ith  th e  R egnau lt-R eise t type o f r e s p i r a t io n  chamber: 
r ,  h ea tin g  element in  a ir -s tre a m  o f  fan ; sj_, 2> 
c ir c u la t in g  fan s ; t%, g , a i r  b a f f le  p la te s ;  u , u r in e  
c o lle c t io n  pan; v , feed  bucket; w, l ig h t .
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The feed ing  device co n s is ted  o f a  bucket connected by tub ing  
through the  base to  the  feed  i n l e t  p ipe and was f ix e d  below the 
h ea tin g  element on a le v e l  w ith  th e  f lo o r  o f  th e  anim al cage.
The ab so rp tio n  system The ab so rp tio n  system (k  i n  F igure 1) 
was designed to  take  two abso rp tion  t r a in s  and th e  a i r  flow  could 
be d ire c te d  through e i th e r  as d e s ire d . A ll permanent jo in t s  i n  th e  
system were sea led  w ith  hemp and gas f i t t e r s  compound o r were brazed . 
The connections between b o t t l e s  were made w ith 1 in .  f ib re -w a lle d  
rubber tub ing .
Each ab so rp tio n  t r a i n  co n s is ted  o f n ine 20-l i t r e  capac ity  
b o t t l e s  m anufactured from polythene by a welding p ro cess . The 
abso rp tion  b o t t l e  and th e  two types o f  head fo r  use with calcium 
ch lo rid e  and l iq u id  potash  are  shown in  F igure  3* The f i r s t  fo u r 
b o t t le s  in  each t r a in  were charged w ith 8 to  10 kg. g ranu la ted  calcium 
ch lo rid e  (about 1 i n .  mesh) fo r  th e  ab so rp tio n  o f w ater vapour. The 
next two b o t t l e s  contained approxim ately 5 l i t r e s  o f strong  (50® 
baumé) po tash  fo r  th e  abso rp tion  o f carbon d iox ide  and were follow ed 
by a  f u r th e r  th re e  b o t t le s  f i l l e d  w ith  calcium  c h lo rid e  to  absorb 
m oistu re  c a r r ie d  over from the  l iq u id  po tash .
A ir was c ir c u la te d  through th e  ab so rp tio n  t r a i n  by means o f  a 
ro ta ry  compressor (1) capable o f  d e liv e rin g  500 cu. f t .  o f  a i r  per 
min. a t  13 I b . / s q .  in .  p re ssu re , and th e  c ir c u la t io n  ra te  was 
c o n tro lle d  by a by-pass system f i t t e d  w ith  a  steam v a lv e . The r a te  
o f flow  was a t  f i r s t  measured w ith  a  d ry  gas m eter bu t t h i s  was 
l a t e r  rep laced  by a  d i r e c t  read ing  flow  gauge (m).
The q u a n tity  o f  absorben ts given were a rr iv e d  a t  by t r i a l  and 
e r ro r  and have proved s u f f ic ie n t  fo r  th e  abso rp tion  o f  th e  w ater 
vapour and carbon d iox ide  produced by a c a l f  weighing up to  150 lb .  
and consuming 8 l i t r e s  o f cows’ whole m ilk  d a ily , provided a  
standard ized  qystem f o r  the  renewal o f the  absorbents was adhered 
to .  The r e q u is i te s  f o r  th e  s a t i s f a c to r y  abso rp tion  o f the  gases 
were th a t  the  carbon d iox ide le v e l  in  the  chamber d id  not r i s e  above
0.3^ and th a t  the  gain  in  weight o f the  l a s t  b o t t le  o f each calcium
iflGURS 3* A bsorption b o t t l e  fo r  use w ith the  R egnault-R eiset type 
o f apparatus; A, 20 l i t r e  cap ac ity  ab so rp tion  b o t t l e  o f 
welded polythene; B, ab so rp tion  head fo r  use w ith  l iq u id  
potash ; C, ab so rp tion  head fo r  use w ith  s o lid  anhydrous 
calcium  c h lo rid e .
o o o
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ch lo rid e  s e r ie s  was not more than  30 g. As soon as th e  l a s t  b o t t le  
gained as much as 30 g . , th e  f i r s t  b o t t l e  o f the  s e r ie s  was recharged 
w ith absorbent, th e  o th e r b o t t le s  were each moved up one p lace in  the  
t r a in  and the recharged b o t t l e  p laced  a t  the r e a r .  At th e  end of 
each 2ii-hr. run the  f i r s t  o f  th e  two po tash  b o t t l e s  was renewed and 
the  b o t t l e s  were in terchanged .
In  the  apparatus fo r  sheep, methane was allowed to  accumulate 
w ith in  the  chamber and th e  q u a n tity  produced was estim ated  ty  
a n a ly s is  o f  th e  chamber a i r .
Oxygen supply Oxygen was s to re d  over w ater in  a  la rg e  volume 
sp irom eter (n ) , th e  c o n s tru c tio n  o f  idiich has been described  by 
B lax te r and Howells (19^1). The oxygen lea d  passed through a water 
bubble v a lv e , which responded to  a  negative  p ressu re  o f approxim ately 
1 cm. o f w ater and ensured th a t  th e  gas was com pletely sa tu ra te d  w ith 
w ater vapour.
The gas a n a ly s is  apparatus A change in  the com position of 
th e  chamber a i r  due to  changes in  barom etric  p ressu re  o r atm ospheric 
tem perature , o r  due to  incom plete ab so rp tion  o f carbon dioxide would 
le a d  to  e r ro r s  in  th e  e s tim a tio n  o f carbon d ioxide p roduction  and 
oxygen consumption and i t  i s  th e re fo re  necessary  to  determ ine the  
com position o f  the  chamber a i r  a t  th e  beginning and end o f each 
experim ental p e rio d . The gas a n a ly s is  apparatus used in  th e  p resen t 
s tu d ie s  was o f the  Haldane type , c o n s is tin g  o f potash  and p y ro g a llo l 
ab so rp tion  p ip e t te s  c o n tro lle d  Ty a s in g le  two-way stopcock (C arpenter, 
Lee and F in n erty , 1930) w ith  a  compensating b u re t te  system. The 
novel fe a tu re  o f th e  apparatus was an autom atic le v e l l in g  device 
c o n s is tin g  o f a  le v e l l in g  b u re tte  ih ic h  could  be shut o f f  from the 
measuring b u re tte  by a  stopcock. Then a  f in e  adjustm ent o f  the  potash  
and p y ro g a llo l le v e ls  was given by a  screw c l ip  attachm ent. Opening 
the  le v e l l in g  b u re t te  a l te rn a te ly  to  room a i r  and to  a  constan t 
head o f negative  p ressu re  gave a continuous movement o f  the  mercury 
in  th e  bulb  o f the  m easuring b u re t te .  This system, though slow in  
o pera tio n , excluded the p o s s ib i l i ty  o f a c c id e n ts , i n  th e  form o f
-  27 -
mercury being  drawn in to  th e  ab so rp tio n  b u r e t te s  or o f abso rben ts  
being drawn in to  th e  m easuring b u r e t te ,  -shich a re  ap t to  occur 
o cc as io n a lly  w ith  a  hand le v e l l in g  dev ice .
T estin g  o f th e  appara tus fo r  lea k s  In  a  c lo sed  c i r c u i t  
r e s p i r a t io n  chamber a  le a k  in  th e  appara tu s has a  d i r e c t  e f f e c t  on 
th e  in flow  o f oxygen from th e  sp irom eter, and i t  i s  p a r t i c u la r ly  
im portan t th a t  a  lea k  should be d e te c te d  r e a d i ly  and th a t  There 
necessary  i t s  m agnitude should be measured. During c o n s tru c tio n , 
th e  appara tu s was te s te d  f o r  le a k s  a t  each stage  by f i l l i n g  the  
body o f th e  chamber and th e  l i d  w ith  vjater. The polythene 
a b so rp tio n  b o t t l e s  were te s te d  by ho ld ing  in  w ater under p re ssu re .
I n  th e  assembled ap p a ra tu s , le a k s  were d e te c te d  by running the  
chamber f o r  2k h r , p e rio d s , during  which tim e any lea k s  th a t  might 
e x is t  gave r i s e  to  a  change i n  p re ssu re  w ith in  th e  chamber, 
(C o rrec tio n s  were made fo r  change o f tem pera tu re  o r atm ospheric 
p re ssu re . ) I n  th e  course o f  experim ental p e rio d s , th e  development 
o f a  le a k  was shown by a  change i n  a i r  com position and i t s  e x te n t , 
was c a lc u la te d  from th e  change in  n itro g e n  con ten t o f  th e  chamber.
Procedure f o r  th e  d e te rm ina tion  o f th e  energy 
exchange o f th e  c a l f
The h e a tin g  elem ent and th e  fans were sw itched on h a lf -a n -h o u r  
be fo re  th e  s t a r t  o f  a  run  to  a llow  th e  chamber to  a t t a in  working 
tem pera tu re . Meanwhile, th e  sp irom eter was f i l l e d  w ith  oxygen and 
th e  a b so rp tio n  b o t t l e s  charged and weighed. The c a l f  was harnessed  
f o r  th e  separa te  c o l le c t io n  o f fae c e s  and u r in e  and then  weighed.
I t  was f i t t e d  w ith  a  fa e c e s  c o l le c t io n  bag, th e  l i d  o f  the  chamber 
was removed and th e  c a lf  was l i f t e d  in to  th e  chamber by means o f  
a  sack h o is t  mounted in  th e  ro o f. The l i d  o f  the  chamber was 
rep la ce d  and a f t e r  tem pera tu re  eq u ilib riu m  was rega ined , a  sample 
o f chamber a i r  was tak en  fo r  a n a ly s is ,  th e  system im m ediately c losed  
and th e  tim e reco rded . The read in g  o f  th e  sp irom eter and th e  
sp irom eter tem peratu re  were no ted  and th e  le a d  from th e  sp irom eter 
b e l l  to  th e  chamber was opened. The compressor was s ta r te d  and
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the  speed o f  c ir c u la t io n  was ad ju sted  to  h  cu. f t  ./m in .
The oxygen supply was renewed as req u ired  by tem porarily  
i s o la t in g  th e  chamber from the  spirom eter and r e f i l l i n g  i t  from a 
cy lin d e r o f  oxygen (o ) . The c a lf  was fed  a t  th e  u su a l in te r v a ls  
and th e  u r in s  was c o lle c te d  throughout the  run . The barom etric  
p ressu re  was recorded  d a ily .
At th e  end o f 2k h r . th e  chamber a i r  was again  sampled fo r
a n a ly s is  and th e  volume o f  oxygen consumed was recorded. The a i r
stream  was th en  switched to  th e  second s e r ie s  o f  abso rp tion  b o t t le s  
which had in  the  meantime been charged and weighed. The f i r s t  s e r ie s  
o f b o t t l e s  was weighed and reassem bled in  the  t r a in .  At the  end of
h8 h r .  a  s im ila r  procedure was adopted but the  c a l f  was a lso  removed
from th e  chamber fo r  weighing and th e  c o lle c t io n  o f fae c e s .
A s im ila r  ro u tin e  was adopted fo r  sheep, bu t th e  animal was 
removed from the  chamber fo r  weighing and removal o f  faeces  a t  the  
end o f  each 24 h r .  run, a t  idiich tim e the  days r a t io n s  were p laced  
i n  th e  feed  hoppers.
The c a lc u la tio n  and in te r p re ta t io n  o f r e s u l t s  
The p ro to c o ls  fo r  a  ty p ic a l  48 h r .  period  are  s e t  ou t i n  Tables 
4, b and 7» The energy balance was c a lc u la te d  by two procedures 
to  g ive a constan t check on th e  accuracy o f th e  r e s u l t s .
I n  method A (Table j ) ,  th e  f a c to rs  fo r  th e  carbon and c a lo r ie  
con ten t o f f a t  and p ro te in  were those g iven  by B lax ter and Rook 
(19^3)• These fa c to rs  were derived  from analyses o f  samples o f 
muscle, l iv e r ,  b ra in  and f a t t y  t is s u e  o f c a t t le  in  a  normal s ta te  o f 
n u t r i t io n  by e x tra p o la tin g  to  zero and to  16^ H content the  l in e s  
r e la t in g  C a lo r if ic  value o r carbon conten t to  n itro g e n  co n ten t. In  
th i s  way the  e r ro r s  in h e re n t i n  the  use o f Armsty^s (1917) f a c to rs  
fo r  pure p ro te in  and f a t  were considerab ly  reduced, s ince  account 
was taken o f the  non-nitrogenous m a te r ia l  idiich i s  deposited  i n  
muscle t i s s u e  along w ith muscle p ro te in .
In  method B (Table 7 ), the  h ea t p roduction  was c a lc u la te d  from
TABLS k
An example o f th e  r e s p i r a t io n  chamber reco rd  sh e e ts  
C alf R e sp ira tio n  Chamber Experim ents
jSxperiment: Magnesium d e fic ien cy
Duration: 12.20, ±4.10.52 to  ±2.12, 15.10.52
C alf No.: 214
Run No.: 5
Day: 1
Feed 1 4 ,0 1 7 .0  -  1 ,0 0 4 .0  is 3 ,0 1 3 .0
2 4 ,058 .5  -  1 , 004.0  = 3 ,054 .5
Wt. g iven  
Volume
h M A  g
s  (},000 ml.
Urine 6,85U.5
1,91*3.0
W ei#it 4 ,911 .5  g.
Volume = 4,935 ml. 
Faeces Not c o lle c te d
Body weight
F in a l
I n i t i a l
lb .
no
oz.
B arom etric p ressu re
H2O lo s s  from chamber
00^ p roduction
I n i t i a l 750
F in a l 758
B o ttle  No. (1) (2)
11* 12,380.0 12,817.0 = 431.0
16 11,363.5 11,682.0 = 318,5
15 11,301.0 11,463.0 = 162.0
5 n,oo9.o n,o26.o = 17.0
928.5 g
B o ttle  No.
. (1) (2)
1* 12,043.0 n,963.0 = - 80.0
18 12,203.0 12,596.0 = 393.0
6 12,092.0 12,158.0 = 106.0
17 li* ,373 .0 14,710.0 = 337.0
2 11,622.0 11,628.0 = 6.0
762.0 g.
O2 consumption Time Temperature Spirom eter
read in g
Consumptj
12.20 10 .0 96.20
7 .30 10.0 26.05 70.15
7 .30 10 .0 95.80
12.00 9 .5 52.95 42.85
12.00 9 .5 95.25
6,05 9 .0 28.85 66.40
6.05 9 .0 96.35
12.12 10 .0 1*1.65' 51.70
231.10
TABLE 4 (CONTD.)
An example o f  the  r e s p i ra t io n  chamber record  sh ee ts  
C alf R esp ira tio n  Chamber Experiments
Experiment; Magnesium d e fic ien cy
D uration; 12.35, 15.10.52 to  12.26, 16.10.52
Calf No.; 214
Run No.: 5
Day: 2
Feed 1 . 4 , 103.0  -  1 , 004.0  = 3 ,099 .5
2 . 4 ,082 .0  -  1 , 004.0 = 3 , 079.0
Weight given 6 ,178.5  g.
Volume
Urine 7 ,528 .0
1,91*6.5
Weight 5 ,5 8 2 .0  g.
Volume = 5,586  ml. 
Faeces 41*7.0
296.0
Weight = 151.0  g.
= 6,000 ml*
Body weight
F in a l
I n i t i a l
lb .
I l l
oz.
I t
Barom etric p ressu re I n i t i a l
F in a l
HgO lo s s  from chamber B o ttle  No.
1
11
8
5
758
758
CD
15. 192.0
12.882.5
13.364.5
11.026.0
(2)
15. 543.0
13. 235.0
13.546.0
11. 047.0
351.0
352.5
181.5 
21.0
906.0 g.
C0j2 p roduction ; t le  No. (1) ( 2)
12 12, 461.0 12 . 419.0  = -  42 .0
13 12,061.0 12.31*5.0 = 284.0
9 12, 130.0 12, 499.0  = 369.0
7 12, 277.0 12,433.0  = 156.0
10 12 , 052.0 12, 072.0  = 20 .0
787.0  g
P2 consumption Time Temperature Spirom eter
read ing
Consumpti
12.35 10.0 96.30-
6,40 9.5 38.20 58.10
6.40 9 .5 91.80
12.15 9 .5 37.80 51*. 00
12.15 9 .5 95.40
5 .50 8.5 i*l*.25 51.15
6.01 8.5 96.60
12.26 10 .0 1*3.50 53.10
216.35
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th e  n o n -p ro te in  r e s p ira to ry  q u o tie n t, u sing  the  ta b le s  o f  Zuntz and 
Schumberg ( I 9OI). The oxygen consumption and carbon d iox ide  
p roduction  r e s u l t in g  from p ro te in  m etabolism  were c a lc u la te d  from 
th e  u r in a ry  n itro g e n  e x c re tio n  by assuming th a t  5 .91 l i t r e s  o f 
oxygen were consumed and 4.76  l i t r e s  o f  carbon d iox ide were produced 
fo r  each g. o f n itro g e n  excre ted  in  th e  u r in e . The h ea t produced by 
th e  m etabolism  of p ro te in  was assumed to  be 26 .5  C a l./g . o f n itro g en .
The accuracy o f  a  de te rm ina tion  o f  h e a t p roduction  
in  th e  c lo sed  c i r c u i t  apparatus
The accuracy w ith  which th e  hea t p roduction  o f a  c a l f  can be 
determ ined i n  the  appara tu s i s  in d ic a te d  by th e  a n a ly s is  o f  fo r ty  
d u p lic a te  de te rm ina tions o f h ea t p roduction  o f ca lves  given i n  
Table b. Over 50% o f the  d u p lic a te s  d i f f e re d  by l e s s  than  2% and 
th e  o ccasio n a l v a lu e s  which d i f f e r  by as much as 10% were to  be 
expected in  an animal as  a c tiv e  as th e  c a l f .
TABLS 8
Percentage d iffe re n c e s  between d u p lica te
determ inations of heat production over
4Ü h r . periods i n  fo r ty  experim ents
w ith ca lves
D ifference
between
d u p lic a te s
(%)
Number o f 
experim ents
Percentage
frequency
0 - 2 21 52.5
2 - 4 9 22.5
4 - 6 5 12.5
6 - 8 3 7 .5
8 - 1 0 1 2 .5
10 -  12 1 2 .5
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SECTION I I I  
ESTDOTION Oi?‘ WATER STORAGE IN THE ANIMAL
The method proposed in  Section  I  fo r  the in d ir e c t  de term ination  
of energy balance depends fo r  i t s  success on th e  development o f a  
simple y e t  accura te  method of e s tim a ting  w ater sto rage  ty  th e  anim al.
The c la s s ic a l  method o f determ ining w ater s to rage  i s  based on a 
balance  o f in tak e  and ou tp u t, and invo lves the  e s tim a tio n  o f 
re s p ira to ry  w ater lo s s  and w ater produced in  the  body as a  r e s u l t  
o f m etabolic  p rocesses. These can only be determ ined accu ra te ly  
by r e s p i ra t io n  chamber techn ique, and e s tim a tio n  o f w ater by the 
c la s s ic a l  procedure would not lead  to  a  sim pler method o f stutfying 
energr exchange. The e s tim a tio n  o f  m etabolic  w ater and re s p ira to ry  
water lo s s  from in se n s ib le  lo s s  o f  body weight i s  e s s e n t ia l ly  th e  
same problem as th e  e s tim a tio n  o f  h ea t p roduction  from in se n s ib le  
lo s s  (see  p . 13) and would, th e re fo re , s u ffe r  from th e  same 
^ im ita tio n s .
There a re , however, a  number o f in d ir e c t  methods o f studying 
changes i n  w ater con ten t o f the  anim al bo^y and they  can be d iv ided  
in to  two major groups: those  in  which measurements o f t o t a l  body water a re  
made a t  th e  beginning and end o f  the  experim ental period , and those 
i n  which only the change in  water conten t i s  measured. Methods o f 
th e  f i r s t  type o f fe r  th e  sim pler technique since  they dispense w ith  
th e  continuous c o lle c tio n  o f faeces  and u r in e  req u ired  in  a  balance 
study . The method chosen, however, must comply w ith th e  l im it s  o f 
accuracy s ta te d  i n  Section  1, namely th a t  water s to rage  over a  
21-day p e riod  must be estim ated  to  w ith in  + 1 , 0  kg. To a t t a in  t h i s  
accuracy w ith  a s te e r  weighing 500 Hg- and having a body w ater 
con ten t o f  325 kg, and s to r in g  0.25  kg. w ater per day, t o t a l  body 
w ater conten t would have to  be estim ated  w ith an accuracy o f 
+ o r + 0,2%, whereas the  change in  w ater con ten t would have
to  be es tim ated  w ith an accuracy o f only  + 2C^,
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The de term ination  o f t o t a l  bo<fy w ater from th e  s p e c if ic  
g rav ity  o f th e  body p re se n ts  maiy te c h n ic a l d i f f i c u l t i e s ,  vAiether 
th e  method of under-w ater w e i r in g  (Behnke, Feen and Welham, 1?U2} 
Brozek, 19U6) o r o f boc^ volume de term ination  (Kohlrausch, 1929-30) 
i s  used. Moreover, c o rre c tio n s  have to  be made fo r  the  a i r  p resen t 
in  th e  lungs, and i n  the rum inant account would have to  be taken  
o f the  gases p resen t i n  the  d ig e s tiv e  t r a c t .  Such an approach, 
th e re fo re , could not re a d i ly  be app lied  to  c a t t l e .
An a l te rn a t iv e  method o f  e s tim a tin g  body w ater i s  based on 
the  d is t r ib u t io n  o f w ater so lub le  compounds w ith in  th e  boc%y f lu id s .
A known q u a n tity  o f a  w ater so lub le  m a te r ia l, which id e a l ly  i s  
m etabolized and excre ted  slow ly, and which d is t r ib u te s  i t s e l f  
evenly in  the w ater o f  th e  body, i s  in je c te d  in to  th e  blood stream  
o f th e  anim al. A fter allow ing tim e fo r  an equ ilib rium  to  be 
e s ta b lish e d , i t s  co n cen tra tio n  in  the  serum w ater i s  measured. The 
t o t a l  body w ater i s  c a lc u la te d  from th e  d i lu t io n , a f t e r  making 
c o rre c tio n s  fo r  th e  metabolism and ex c re tio n  o f th e  compound during 
th e  p e riod  o f e q u il ib ra tio n . Many substances have been t  r ie d , 
e .g , u rea  (P a in te r , 19U0)j th io u re a  (Jongbloed and Noyons, 1938); 
deuterium  (London and R ittenburg , 195o)j t r i t iu m  (Pace, K line, 
Schachmann and H a rfe n is t, 19U7); a n tip y rin e  (Soberman, Brodie, Levy, 
Axelrod, H ollander and S te e le , 19U9) and i t s  d e r iv a tiv e s  (B rodie, 
B erger, Axelrod, Dunning, Porosowska and S te e le , 19^1). Of th e se , 
a n tip y r in e  and i t s  d e r iv a tiv e s  have proved most s a t is fa c to ry ,  
A ntipyrine i s  a  non-toxic compound i^ ic h  i s  d is t r ib u te d  qu ick ly  
and evenly th ro u ^ o u t  th e  body w ater. I t s  m etabolism  shows a marked 
sp ec ie s  d iffe re n c e  and, though i t  has proved s a t is fa c to ry  fo r  
de term inations i n  man (Soberman e t  a l . ,  19U9)> a ra p id  r a te  o f 
m etabolism  i n  the  dog and o th e r  anim als lea d s  to  le s s  s a t i s fa c to iy  
r e s u l t s  (Soberman, 1950), liJhen th e  method was app lied  to  c a t t l e  
i n  connection  w ith th e  p rese n t work, th e  r a te  o f  metabolism observed 
was in te rm ed ia te  between th a t  found i n  man and in  the dog, and the
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accuracy o f th e  method, as judged by r e p l ic a te  de term inations on a 
s in g le  anim al, was low. These r e s u l t s  have been confirmed ty  the  
work o f K ra y b ill , Harkins and B i t te r  (1951). Soberman (19U9) has 
compared th e  a n tip y r in e  d i lu t io n  technique w ith  a  d i r e c t  d e s ic c a tio n  
procedure fo r  determ ining the  body w ater o f the  ra b b i t  and th e  e rro r  
o f th e  method was about + 3%» Thus, though th e  method could be o f 
va lue  i n  s tu p in g  changes i n  th e  body com position o f c a t t le  over 
long p e rio d s , i t  has no t the  accuracy req u ired  in  th e  p resen t study.
In d ire c t  methods fo r  the  d e te im ina tion  o f w ater balance are 
based on the  assum ption th a t  th e  osmotic p ressu re  o f boc^y f lu id s  i s  
constan t. The osmotic p ressu re  i s  co n trib u ted  to  m ainly by the 
c a tio n s  Na"’’ and K+ and th e  anions Cl" and -HCO^” , and th e i r  s to rage  
throughout a  balance p e rio d  should r e f l e c t  the  sto rage  o f w ater.
In  experim ental s tu d ie s  o f  th e  s ta rv a tio n  o f e p i le p t ic  humans.
Gamble, Ross and T is d a ll  (1923) used the u r in a ry  e x c re tio n  o f sodium 
and potassium  to  es tim a te  th e  lo s s e s  o f e x tra -  and in t r a c e l lu la r  
w ater. I n  t h e i r  c a lc u la tio n s  oedema f lu id  con ta in ing  1^8 ,0  rag,-equiv. 
o f Hat and 2 ,5  m g,-equiv, o f K+ per l i t r e  o f w ater, and muscle w ater 
con ta in ing  hb.O m g.-equiv, o f Hat and 112.5 m g.-equiv, o f per 
l i t r e  o f  water were considered ty p ic a l  o f e x tra -  and in t r a c e l lu la r  
f lu id s .  H arrison , Darrow and Tannet (1936) c a lc u la te d  th e  change 
i n  e x tr a c e l lu la r  f lu id  volume from the ch lo rid e  balance, assuming 
th a t  th e  ch lo rid e  io n  was confined to  th e  e x tr a c e l lu la r  spaces.
They were then ab le  to  measure th e  change i n  in t r a c e l lu l a r  volume 
from th e  balance o f any o th e r  io n  fo r  vhich th e  d i s t r ib u t io n  between 
th e  e x tra -  and in t r a c e l lu la r  f lu id s  was known.
From the  r e s u l t s  given in  th ese  two papers, i t  i s  no t p o ssib le  
to  determ ine how c lo se ly  e le c tr o ly te  balance i s  c o rre la te d  w ith  w ater 
ba lance . I t  i s  c le a r  th a t  the  c o r re la t io n  cannot be h igh  a t  a l l  
tim es fo r  an animal under normal management, since  a t  c e r ta in  
in te r v a ls  la rg e  q u a n ti t ie s  o f w ater be consumed-without an 
eq u iv a len t in ta k e  o f e le c tr o ly te s .  I f ,  however, th e  animal i s  in  
th e  same s ta t e  o f eq u ilib riu m  a t  th e  beginning and a t  th e  end o f
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the  balance p e rio d , even i f  the  t o t a l  boc%y w ater i s  no t accounted 
f o r  e n t i r e ly  by bo(^ e le c tr o ly te s ,  w ater balance should be measured 
accu ra te ly  by e le c tro ly te  ba lance . I t  was th e re fo re  decided to  t e s t  
th e  accuracy w ith  th ic h  changes in  the w ater conten t o f th e  body 
could be c a lc u la te d  from changes in  e le c tro ly te  con ten t.
The c a tio n s  Na+ and K+ to g e th e r  account fo r  over o f th e  
c a tio n s  o f body f lu id s  and, under most con d itio n s , bear a constan t 
r e la t io n s h ip  to  o th e r  c a tio n s  such as Cat+ and Mg++. The problem, 
th e re fo re , was reso lv ed  in to  the  e s tim a tio n  o f  w ater r e te n t io n  from 
sodium and potassium  re te n tio n , and th e  f i r s t  phase o f th is  stucfy,
i . e .  th e  d e te im ina tion  o f  the  r e la t io n s h ip  between th e  sodium, 
potassium  and w ater co n ten ts  o f boc^ t is s u e s  and f lu id s ,  i s  described  
i n  t h i s  se c tio n . I t  i s  u su a l i n  experim ental s tu d ie s  o f w ater 
metabolism to  d is t in g u is h  between w ater con ta ined  in  th e  e x tra -  and 
i n t r a c e l lu la r  spaces, s in ce  th e re  a re  marked d iffe re n c e s  in  the  
com position of th e  two phases. In  i n  v ivo s tu d ie s , however, th is  
d i s t in c t io n  i s  d i f f i c u l t  to  dem onstrate e x a c tly  ( c f ,  L av ie tes, 
B ourd illon  and K lingho ffer, 193^>i G illig a n  and A ltsch u le , 1939) and 
i n  th e  p rese n t work no attem pt has been made to  r e la te  th e  water 
s to rag e  to  sp e c if ic  changes i n  th e  e x tra -  and in t r a c e l lu la r  f lu id s ,
Mxpe rim ent a l
T issues and body f lu id s  o f  c a t t l e ,  ranging in  age from 1 week 
to  5 y e a rs , were analysed f o r  sodium, potassium  and w ater con ten t.
The analyses of m u sc le ,p e r ic a rd ia l f lu id ,  p o s te r io r  chamber f lu id ,  
blood serum, e ry th ro cy te s , f a t t y  t i s s u e ,  b ra in  and l iv e r  t is s u e  
were f i r s t  s tu d ie d  to  develop a  re g re ss io n  equation  r e la t in g  sodium 
and potassium  content to  w ater co n ten t. The accuracy w ith which 
th e  equa tion  estim ated  th e  w ater conten t o f o th e r  t is s u e s  was then  
determ ined.
R esu lts
Muscle accounts fo r  over o f th e  t o t a l  bocfy w ater and the
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accuracy w ith which w ater r e te n tio n  may be p red ic te d  from sodium and 
potassium  re te n tio n  must depend la rg e ly  on th e  constancy o f the  
re la t io n s h ip  between w ater, sodium and potassium  in  m uscle. Analyses 
were made o f s ix te e n  samples of muscle from e ig h t anim als and th e  
r e s u l t s  a re  given in  Table 9 . The con ten ts  o f sodium and potassium  
expressed i n  m g .-e q u iv ,/ l i t re  o f w ater showed la rg e  v a r ia t io n s ,
+ fo r  sodium and + 21,6^ fo r  potassium , whereas th e  equ i-
m olecular sum of sodium plus potassium  had a c o e f f ic ie n t  o f v a r ia t io n  
of only + Muscle con ta ins bo th  e x tra -  and in t r a c e l lu la r  f lu id s
and th e  p ro p o rtio n s  vary  considerably  from sample to  sample. Since 
e x tr a c e l lu la r  f lu id  i s  r ic h  i n  sodium and in t r a c e l lu l a r  f lu id  r ic h  
in  potassium , th e  c lo se r  re la t io n s h ip  between th e  equim olecular sum 
of sodium plus potassium  and w ater con ten t i s  to  be expected. To 
r e l a t e  w ater con ten t d i r e c t ly  to  th e  equimole c u la r  sum o f sodium 
and potassium  may n o t, however, be th e  most s a t is fa c to ry  procedure. 
These two ions a re  not th e  only d a tio n s  p rese n t in  body f lu id s  and 
th e  w ater a sso c ia te d  w ith  one gram -equivalent o f  sodium may not be 
th e  same as th a t  a sso c ia te d  w ith  one gram -equivalent o f potassium . 
P a r t o f the  sodium o r potassium  may a lso  be bound to  p ro te in  o r 
o th e r  c e l l  c o n s ti tu e n ts . The f ig u re s  fo r  muscle showed a s l ig h t  
in c re ase  in  sodium p lus potassium  content w ith in c reas in g  potassium  
c o n ten t, but i t  was not s t a t i s t i c a l l y  s ig n if ic a n t .  With t h i s  s in g le  
t i s s u e ,  however, th e  v a r ia t io n  in  potassium  con ten t was sm all.
A much wider v a r ia t io n  was ob tained  by re fe ren ce  to  th e  
analyses o f  o th e r  t i s s u e s  given in  Tables 10 and 11. For each 
t is s u e ,  th e  equim olecular sum o f  sodium end potassium  was more 
c lo se ly  r e la te d  to  w ater con ten t than  was e i th e r  th e  sodium o r the  
potassium  con ten t. The mean v a lu es  fo r  the  equim olecular sum o f 
sodium and potassium  fo r  th e  d if f e re n t  t i s s u e s ,  however, v a rie d  
from lij.3.2 + 28,8 fo r  f a t  to  18U + 5 ,3  fo r  b ra in  and the  v a r ia t io n s  
could no t be explained  so le ly  by changes in  th e  p ropo rtions o f 
sodium to  potassium , bu t the  va lues fo r  the  in d iv id u a l t is s u e s  
re q u ire  d e ta i le d  comment.
Body f lu id s  (Table lO) The equim olecular sura o f sodium
TABLE 10
The water, Na and K contents o f  th e  blood, blood c e l l s ,  serum and certa in  "protein-free'* f lu id s  o f  c a t t le
Animal Age(weeks)
Composition o f  t is su e s
Water Na K , ^ , T otal Na + K
(«  (ms./ioo s .,  i ï t i r s ' )
D efibrinated  ^diole blood
A 1 83.7 21k 165 111 50 161
B 1 79.6 192 186 105 60 165
C 15 80.1 279 36 152 11 163
D 15 80.7 27k 51 lk8 16 16k
£ 15 85.1 291 15 lk9 7 156
F ko 79.9 255 k8 139 15 15k
G About 300 83 .6 292 k l 152 13 165
H About 300 83.2 292 U5 153 Ik 167
0 About 200 78.1 279 71 155 23 178
Mean and standard d eviation 163.7
C ells
A 1 65.3 0* kkl 0 173 173
B 1 65 .1 27 370 18 Hi5 163
G 15 66 ,6 207 55 135 21 156
D 15 66.3 190 92 12k 36 160
£ 15 68.3 197 10 125 k 129
F ko 61 .1 17k 7k 12k 31 155
G About 300 71.7 162 69 111 28 139
H About 300 72.5 201 6k 120 23 lk3
G About 200 78.1 186 129 125 51 176
Serum
A 1 93.7 3k6 17
B 1 92.9 3k3 17
C 15 91.1 337 21
D 15 92 .k 3k3 17
Ë 15 92.3 332 17
F ko 92.5 3kl 20
G About 300 89.9 359 25
H About 300 90.0 350 33
0 About 200 90. U 365 18
Pericardial fluid
A 1 97.7 3kk Ik
F ko 96.3 329 18
G About 300 97.5 3k2 21
H About 300 97.6 333 19
A 1 98.8 325 20 lk3 5
B 1 97.7 310 16 138 k
C 15 98.9 329 13 lk5 3
D 15 98.9 330 23 lk5 9
£ 15 98.9 31k 33 138 8
F ko 98.8 327 17 Ikk k
G About 300 98.8 3k5 22 152 6
H About 300 99.9 329 19 lk5 5
♦ 6 .7
Mean and standard d ev ia tion  1 ^ .8  + 1$.7
161 5 166
160 5 16$
161 6 167
162 $ 167
155 5 160
l 60 6 166
17U 6 180
169 9 178
175 5 180
Mean and standard d ev ia tion  169.9 + 7*U
153 h 157
1U9 5 15k
153 6 159
1U8 5 153
Mean and standard dev ia tion  155«7 + 2.75
P osterior chamber f lu id
1U8
lii2 
lk8  
15k 
1L6 
lk8 
158 
150
Mean and standard dev ia tion  lk9«2 + l.k 5
•The method o f ca lcu la tio n  (see  p. 20) in  th is  instance resu lted  in  a negative value for  the Na. 
This was ignored in  the ensuing ca lcu la tio n s .
table 11
The w ater, Na and K con ten ts  o f brain  and l iv e r  t is s u e  and o f fa t  dépôts (perinephric fa t )  o f c a t t le
Animal Age(weeks)
Composition o f t i s s u e s
Water Na
(^) (mg./lOO g .) (mg./lOO g .)
Na
(m g .-eq u iv ./ 
l i t r e  water)
(m g .-eq u iv ./ 
l i t r e  water)
T otal Na + K 
(m g .-eq u iv ./ 
l i t r e  water)
Liver
A 1 7k. 5 71 298 k2 102 Ikk
B 1 75.3 8k 276 k9 9k lk3
C 15 72.k 92 3k2 55 121 176
0 15 72.5 70 337 k2 119 161
E 15 7k. 6 80 360 k7 123 170
F ko 73.6 72 325 k3 113 156
G About 300 70.2 75 3k6 k7 126 173
H About 300 72.3 66 372 ko 132 172
Mean and standard dev ia tion 161.0
Brain
A 1 81.7 m o 3kl 7k 107 191
B 1 81.2 lk5 317 78 100 178
C 15 80.7 lk3 335 77 106 183
D 15 81.2 lk7 322 78 102 180
E 15 81.5 1L 5 322 77 101 178
F ko 79.5 122 370 67 119 186
G About 300 77.9 1A3 335 80 n o 190
H About 300 77.9 136 3kO 76 112 188
Mean and standard d ev ia tion 18k. 2
Perinephric fa t
A 1 28 .6 62 U 9k 10 10k
B 1 kO.7 99 11 106 7 n 3
C 15 19.7 7k 8 162 10 172
D 15 33.5 10k 10 135 8 lk3
£ 15 k6.3 139 20 131 11 lk2
F ko 13.5 38 3 121 6 127
G About 300 3.9 13 0 186 0 186
H About 300 7.1 27 0 165 0 185
I About 300 7.2 22 0 132 0 132
J About 300 6 .5 19 0 128 0 128
Mean and standard d ev ia tion lk3.2
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p lu s  potassium  per l i t r e  o f  w ater was c o n s is te n tly  h igher in  serum 
than  in  e i th e r  p o s te r io r  chamber f lu id  o r p e r ic a rd ia l  f lu id .  The 
d iffe re n c e  was due e n t i r e ly  to  a  h igher sodium content since  the  
v a lu es  f o r  potassium  were always comparable.
E ry th rocy tes (Table 10) The red  blood c e l l s  showed a marked 
v a r ia t io n  i n  com position. C e lls  from anim als th a t  were 1 week o ld  
con tained  l i t t l e  sodium whereas i n  anim als th a t  were 15 weeks o ld  o r 
more the c e l l s  were high in  sodium and low in  potassium . The blood 
c e l l s  o f th e  week-old c a lf  would be la rg e ly  the  r e s u l t  o f f o e ta l  
e ry th ro p o ie s is , and i t  would appear th a t  e ry th ro cy te s  foimed in  the  
fo e tu s  have a com position q u ite  d i s t in c t  from those produced during 
e x tra -u te r in e  l i f e .  The la rg e  e r ro r  a ttach ed  to  th e  mean sodium p lu s  
potassium  con ten t may have been due in  p a r t  to  the  method o f  
c a lc u la tio n  (see  p, 20) which g ives a  summation o f e r ro rs  b u t th e re  
was a lso  a p o s it iv e  c o rre la t io n  between the  sodium p lu s  potassium  
and th e  potassium  con ten t.
F at (Table U )  The very h igh  standard  d ev ia tio n  a ttach ed  to  
th e  mean equim olecular sum fo r  th e  samples o f f a t t y  t is s u e s  i s  
probably due to  in a c c u ra c ie s  in  the  a n a ly t ic a l  procedures. The 
accuracy o f a  w ater de term ination  on f a t  by d i r e c t  d e s ic c a tio n  i s  
not h igh, and since  th e  con ten ts  o f  sodium and potassium were low 
i n  most o f th e  samples i t  was no t p o ss ib le  to  determ ine them w ith 
accuracy. The samples o f f a t t y  t i s s u e s  from young anim als 
con tained  a  h igh  p ropo rtion  o f muscle t i s s u e  and th a t  accounted 
fo r  t h e i r  h igh  water con ten t,
l iv e r  (Table 11) The values fo r  th e  samples o f l iv e r  t is s u e
were rem arkably constan t a p a rt from th e  two v a lu es  fo r  th e  1 week o ld
ca lv es  which had an e le c tr o ly te  con ten t s ig n if ic a n tly  lower than  
th a t  observed in  the t is s u e s  o f th e  m ature anim als.
B rain  (Table 11) The to t a l  rag,-equiv, o f sodium and potassium
per l i t r e  o f  b ra in  water were s ig n if ic a n t ly  h igher th an  th a t
observed in  a iy  o f the o th er t is s u e s  which have been analysed . This 
cannot be exp la ined  e n t i r e ly  by the h igh r a t io  o f potassium  to
FIGURE it. The r e la t io n s h ip  between th e  d i r e c t ly  determ ined w ater
content o f body t i s s u e s  and f lu id s  and the  w ater con ten t 
c a lc u la te d  from th e i r  sodium and potassium  con ten ts .
110
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C 60
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sodium and, as w i l l  be shown l a t e r ,  i t  must be concluded th a t  p a r t  
of th e  sodium o f b ra in  t is s u e  i s  p resen t in  non-ion ic  form.
The em p irica l re la tio n s h ip  between th e  sodium, 
potassium  and w ater o f th e  body
T abu la tion  o f the  mean values fo r  th e  sodium p lu s  potassium  
con ten t o f th e  w ater contained  in  the d if fe re n t  t i s s u e s  in  o rder 
of in c re as in g  potassium  content (Table 12} shows th a t ,  a p a rt from 
the  v a lu es  fo r  b ra in  and serum, an in c re ase  i n  th e  rag-equiv. o f 
Nat + K + /li tre  o f  w ater i s  a sso c ia ted  w ith  an in c rease  i n  the 
concen tra tion  o f  potassium  r e la t iv e  to  sodium. An equation  o f 
the  type: -
Water = a  + b^Na + b2K
(g./lO O  g , t i s s u e )  (mg./lOO g. t is s u e )  (rag./ICO g,
t is s u e )
was th e re fo re  f i t t e d ,  by th e  method o f  l e a s t  squares, to  the  r e s u l t s  
fo r  t i s s u e s  and f lu id s  o th e r than  b ra in  and serum, and the  fo llow ing  
equation  was o b ta in ed :-
Water = 3.702 + 0 . 27914. Na + 0,139^ K ------- (U)
(g./lOO g .)  (rag./lOQ g .)  (rag./lOO g .)
The reg re ssio n  was very  h ig h ly  s ig n if ic a n t  but an equation  con ta in ing  
a constan t term would not be s u ita b le  fo r  th e  p re d ic tio n  o f w ater 
s to rag e  in  balance experim ents. Since th e  e r ro r  a ttach ed  to  the 
in te rc e p t  was + the  in te r c e p t  o f + 3*702 was not s ig n if ic a n t ly
d if f e re n t  from zero and a  fu r th e r  a n a ly s is  o f th e  v a lu es , in  which 
th e  in te rc e p t was d e lib e ra te ly  p laced  a t  zero , gave:-
Water = 0,2922 Na + 0.1U71 K . . .  (5)
(g./lO O  g .)  (mg./lOO g .)  (mg./lOO g .)
The e r r o r s  a ttached  to  th e  two re g re ss io n  c o e f f ic ie n ts ,  ob tained  by 
a n a ly s is  o f va rian ce  techn ique, w ere;-
R egression c o e f f ic ie n t  fo r  Na, 0,2922 + 0,00391 
R egression c o e ff ic ie n t  fo r  K, 0,1R71 + 0,00266
The standard  d e v ia tio n  o f th e  re s id u a ls  was + h .6  g, o f w ater, a
TABia 12
The mean Ha + K con ten t o f the  w ater contained  in  t is s u e s  
and f lu id s  in  r e la t io n  to  t h e i r  conten t 
o f K
Tissue No, o f samples
T o ta l Na + K 
(m g .-eq u iv ./ 
l i t r e  w ater)
K
(m g .-equ iv ./ 
l i t r e  w ater)
P e r ic a rd ia l  f lu id k 156 5
F a tty  t is s u e 10 m 5
Serum 9 170 6
P o s te r io r  chamber f lu id 8 iii9 6
Blood c e l l s 9 155 57
B rain 6 18U 107
l iv e r 8 161 116
Muscle 16 169 131
TABLE 13
The accuracy o f  p re d ic tio n  o f the  w ater con ten t of t is s u e s  
from th e i r  Ma and K. con ten ts
Tissue
Observed w ater 
conten t
Oyer- (+) o r under- ( - )  e s tim a tio n  
o f w ater content
g,/lOQ  g. t is s u e  % o f observed
water con ten t
P o s te r io r  chamber f lu id 93.8 -  0 .^ -  0 .5
P e r ic a rd ia l  f lu id 97.3 + 3 .8 + 3.9
Muscle 77.0 + 0 .7 + 0.9
L iver 73.2 -  2 .1 -  2.9
Red blood c e l l s 68.3 -  3 .1 -  U.5
F a t ( ju v en ile ) 30.U -  3 .8 -  12.5
F a t ( ad u lt) 6.2 -  0 .1 -  1.2
Serum 91.7 + 12.5 + 13.6
B rain 80.2 + 10.1 + 12.6
TABLE H i
The e f f e c t  o f age on th e  accuracy o f p re d ic tio n  o f  the water conten t 
o f c a t t l e  from th e i r  Ha and K con ten ts
Over- (+) o r  under- ( - )  e s tim a tio n  
of w ater conten t
AaxjncLL (weeks) g./lOO g, t is s u e - % o f  observed w ater content
A 1 -  2,11 -  2.8
B 1 -  3.38 - L . 7
C 15 + 1 .85 + 2.7
D 15 + 0.98 + l.U
E 15 -  2,18 -  2.9
F ko -  0 .10 -  0 .1
G .About 300 + 0.72 + 1 .1
H About 300 — 0.68 -  0 .9
Mean value -  0 .8
- 3 7 -
value  s l ig h t ly  h igher than  th a t  ob tained  fo r  equation  (h)*
I t  can be c a lc u la te d  from equation  (5) th a t  lii9 m g.-equiv, o f 
Na+ and 17b m g.-equiv. o f K+ a re  a sso c ia te d  in  the  body w ith  a 
l i t r e  o f  w ater. The c a tio n ic  co n cen tra tio n  which would give r i s e  
to  an osmotic p ressu re  equal to  th a t  o f Oocty- f lu id s  i s  11+8 m g .-eq u iv ./ 
l i t r e  o f w ater, a  value c lo se  to  th a t  ob tained  fo r  sodium. The 
v a lu e  observed fo r  potassium  i s ,  however, considerab ly  h igher and 
i t  must be concluded th a t  a t  l e a s t  15% of th e  potassium  i s  in  
combination w ith c e l l  c o n s ti tu e n ts  and e x e r ts  a  n e g lig ib le  osmotic 
p ressu re . Stone and Shapiro (191+8) have shown th a t  25% o f  th e  
potassium  of b ra in  and muscle i s  n o n -d iffu s ib le .
The d iffe re n c e s  between th e  w ater con ten ts  o f the  in d iv id u a l 
t i s s u e s  c a lc u la te d  from equation  (5) and th o se  determ ined d i r e c t ly  
(Table 13, F igure i+) were s ig n if ic a n t  only w ith  b ra in  and serum.
I n  th e  t is s u e s  to  idaich the  equa tion  a p p lie s , the  Na : Cl r a t io  
(when th e  co ncen tra tion  o f  th e  io n s  are  expressed in  m g.-equiv .) 
i s  1 .0  : 0 .8 , whereas in  b ra in  the  r a t i o  i s  1 .0  : 0 .66 . (S im ila r 
d a ta  a re  not av a ilab le  fo r  serum, s in ce  i t  was not separa ted  under 
cond itions # i ic h  excluded th e  ch lo rid e  s h i f t . )  I t  must be assumed, 
th e re fo re , th a t  p a r t  o f the  sodium o f b ra in  and p o ss ib ly  of serum 
i s  no t f r e e ly  d if fu s ib le .
I t  can be seen from Table 11+ th a t  no s ig n if ic a n t  e f f e c ts  o f 
age o r  In d iv id u a li ty  o f th e  animal on th e  accuracy o f p re d ic tio n  o f 
th e  water con ten t o f t i s s u e s  from t h e i r  sodium and potassium  
con ten t were observed.
The accuracy o f  p re d ic tio n  o f  th e  w ater con ten t o f bone, 
c a r t i la g e  and sk in  from th e i r  con ten ts  o f sodium 
and potassium
Approximately 30% o f th e  t o t a l  boc%y sodium i s  p resen t i n  the  
s k e le ta l  t is s u e s  (D avies, Kornberg and W ilson, 1952) and th e  values 
g iven  i n  th e  l i t e r a tu r e  fo r  the  sodium con ten t o f bene a re , in  
r e la t io n  to  th e  w ater co n ten t, s e v e ra l tim es h igher than  those  
found i n  o th e r sodium -rich t i s s u e s .  In  c o n tra s t ,  th e  sodium
TABLE 15
The w ater, Na and K co n ten ts  of th e  sk in , 
c a r t i la g e  and bone o f c a t t le
___________Composition Water con ten t C alcu lated
, . „  c a lc u la te d  from water as a
(Mg./100 g .)  • ( W lO O  g .)  ^ - t i o „ ( 5 )
s 66 .0 208
Skin
19 63.6 96.b
s 70.1 222 15 67.1 95.7
T 6b. 1 191 9 57.1 89.1
T 66.7 203 16 61.7 92.5
3 71.9 230
C a rtilag e
6 68.1 9b. 7
T 69.5 226 5 66.7 96.0
V 65.3 235 29 73.0 111.8
S 17.8 b67
Bone
0 766.9 l l b l
8 29.6 b03 0 398.0 592
8 23.6 b5b 0 362.3 836
T 32.b 376 0 336. b 505
T 29.2 393 0 393.2 585
T 2b. 8 3b3 0 bob.o 601
♦A ll these anim als were about 3 y ea rs  o ld
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content o f c a r t i la g e  (S ilb e r ,  1933) i s  only s l ig h t ly  h igher than  th a t  
o f o th e r  s o f t  t i s s u e s .  Water s to rag e  p red ic te d  by means o f equation  
(5) would be in  e r ro r  i f  th e re  was a re le a s e  o r sto rage o f sodium 
i n  the sk e le to n  during th e  period  o f  a  balance experim ent, k  fu r th e r  
e r ro r  i n  the  use o f the  equa tion  would a r i s e  i f  the s u p e r f ic ia l  
m oistu re  on th e  h a ir  and sk in  o f  an animal was no t estim ated  
a c cu ra te ly  ty  the  sodium and potassium  balance techn ique. Samples 
of bone, c a r t i la g e  and sk in  analysed fo r  sodium, potassium  and 
w ater con ten t gave th e  r e s u l t s  p resen ted  i n  Table 15. The accuracy 
w ith  which equation  (5) p re d ic ts  th e  water, con ten t o f the  t is s u e s  
i s  in d ic a te d  in  th e  l a s t  column of th e  ta b le .
The r e s u l t s  f o r  c a r t i la g e  are  q u ite  comparable w ith those  o f 
o th e r  s o f t  t i s s u e s .  The high sodium con ten t o f  bone, however, i s  
confirmed bu t, as shown in  Table 16, th e  sodium in  excess o f  th a t  
accounted f o r  by th e  w ater conten t i s  c lo se ly  c o rre la te d  w ith  both 
th e  ash and calcium co n te n ts . Excess sodium s to re d  i n  bone 
throughout a balance p e rio d  could th e re fo re  be c a lc u la te d  from th e  
ash o r calcium s to rag e . S t a t i s t i c a l  a n a ly s is  o f th e  r e s u l t s  showed 
th a t  th e  excess sodium was more c lo se ly  r e la te d  to  ash con ten t than  
to  calcium  con ten t and th e  follow ing equation  r e la t in g  th e  excess 
sodium of bone to  ash con ten t was ob tained .
Excess Na = 10.3h ^  Ash -  68.7    (6)
(mg.) (g .)
The in te r c e p t ,  however, was no t s ig n if ic a n t  and p lac in g  i t  d e lib e ra te ly  
a t  zero , gave:-
Excess Na = Ash x  8.606     (7)
(mg.) (g .)
Since only 8C^ of th e  t o t a l  body ash i s  s to re d  in  bone, the  excess 
sodium re ta in e d  throughout a  balance p eriod  would be given b y :-
Excess Na = Ash . x  6 .88     (8)
(mg.) (g .)
TABLE 16
The •bound’ Na in  bone in  r e la t io n  to
the  Ca and ash content
Animal •Bound’ Na 
(mg./lOO g .)
Ca (%) Ash (%)
S 25.8 11.77 30.35
S 26.5 12.1+7 31.79
s 29,3 1I+.12 36.1+5
T 30.1 13.39 31+.62
T 37.2 16. l a 1+2.1+6
T 1+0.6 17.25 1+1+.50
-  39 -
In  th e  fo u r samples o f  sk in  analysed, the  w ater con ten t was 
c o n s is te n tly  underestim ated  by equation  (5 ) .  I f  th is  discrepancy 
was due to  s u p e r f ic ia l  m oisture o f the  sk in  and h a ir ,  th e  s iz e  o f 
th e  d iscrepancy  would vary  from tim e to  tim e, depending on 
atm ospheric and o th e r  co n d itio n s , and over a  sh o rt term experiment 
t h i s  could lead  to  a considerable  e r ro r  in  th e  e s tim a tio n  o f w ater 
co n ten t.
The accuracy o f  p red ic tin g  the  amount o f w ater in  the  
co n ten ts  of the  alim entary  t r a c t  from th e i r  sodium 
and potassium  co n ten ts
The co n ten ts  o f the  a lim entary  t r a c t  a re  in  a  constan t s ta te  
o f  f lu x , rec e iv in g  la rg e  q u a n ti t ie s  o f  food and w ater a t  i r r e g u la r  
in te rv a ls  and being mixed con tinuously  w ith se c re tio n s  in to  th e  gu t, 
and are  the  p a r ts  o f th e  body which would be l e a s t  expected to  adhere 
to  th e  re la tio n s h ip  expressed in  equa tion  (5 ) . Table 17 summarizes 
th e  a n a ly t ic a l  r e s u l t s  fo r  the  con ten ts  o f  th e  fo u r  major compart­
ments o f th e  a lim entary  t r a c t  o f  th re e  ad u lt anim als, one o f which 
was s ta rv ed  fo r  5 h r . before  s la u g h te r.
Only w ith  th e  con ten ts o f  the abomasum d id  th e  w ater content 
c a lc u la te d  from equation  (5) d i f f e r  g ro ss ly  from th a t  deteim ined 
d i r e c t ly .  The g a s tr ic  se c re tio n s  co n ta in  a h igh  co n cen tra tio n  o f  
hydrogen ions and consequently  a  low con ten t o f sodium and potassium . 
G enerally , th e  e rro r  a ttach ed  to  an e s tim a te  o f w ater con ten t by 
equation  (5) was h igher fo r  gut co n ten ts  than  fo r  o th e r body t is s u e s .  
W ith animal R, however, th e  es tim a tes  were h igher than those fo r  
th e  unstarved  anim als and showed an accuracy comparable to  th a t  fo r  
o th e r  t is s u e s .
The accuracy o f  p re d ic tio n  o f th e  water o f f o e ta l  t is s u e s  
and u te r in e  f lu id s  from th e i r  sodium and potassium  con ten ts
During pregnancy, p a r t ic u la r ly  in  th e  l a t e r  s tag es , very  
la rg e  q u a n ti t ie s  o f w ater are  s to re d  by the  animal i n  Hie fo e tu s  
and surrounding u te r in e  f lu id s .  The a n a ly tic a l  r e s u l t s  fo r  these 
m a te r ia ls , and the  accuracy w ith  which the  w ater contained  in  them
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i s  p red ic te d  by equation  (5 ) ,  a re  given in  Table 18.
With the  7 months o ld  fo e tu s , e s tim a tes  o f  th e  w ater conten t 
of the  muscle and l iv e r  were low bu t the  c a lc u la te d  w ater content 
of th e  b ra in  gave a c o rre c t e s tim a te , which was h igher by 9% than 
th e  v a lu e s  f o r  l iv e r  and muscle. This suggests th a t  th e  sodium, 
potassium  and w ater re la tio n s h ip s  in  fo e ta l  t i s s u e s  d i f f e r  from those 
in  th e  t is s u e s  o f mature anim als, but th a t  the  p re f e re n t ia l  r e te n tio n  
o f sodium by b ra in  t is s u e  occurs a lso  i n  fo e ta l  l i f e .  The c o rre c t 
e s tim a tes  o f the  whole fo e tu se s  o f 3 and 5 months were due apparen tly  
to  the b ra in  water accounting fo r  a la rg e  p a r t  o f th e  t o t a l  w ater.
The water conten t o f am niotic f lu id  was p re d ic te d  accu ra te ly  
from the  sodium and potassium  co n ten ts , but a discrepancy o f th e  
order o f was observed w ith a l la n to ic  f lu id ,  vhich i s  known to  
co n ta in  la rg e  q u a n ti t ie s  o f u re a  and o th e r  non-polar m etabolic  end 
p roducts.
D iscussion
The em p irica l r e la t io n s h ip  expressed in  equation  (5) a p p lie s  
to  most of the  t is s u e s  and f lu id s  o f th e  animal boc^r. The standard  
e r ro r  of estim ate  o f the  w ater conten t o f m uscle, f a t t y  t i s s u e ,  
l iv e r ,  th e  red  blood c e l l s ,  c a r t i la g e  and the  f lu id s  o f th e  
p e r ic a rd ia l  sac and th e  p o s te r io r  chamber o f th e  ^ e  was + 2%.
W ithin  the l im its  o f th is  e r ro r ,  no s ig n if ic a n t  d iffe re n c e s  i n  the  
re la t io n s h ip  between the  sodium, potassium  and w ater Contents o f 
these  t is s u e s  were observed, nor was any e f fe c t  o f the age o r 
in d iv id u a li ty  o f the  animal no ted . I f ,  however, the  v a r ia t io n  
rep resen ted  by a standard  d e v ia tio n  o f + 2% a rose  from v a r ia t io n s  
i n  th e  re la tio n s h ip  between sodium, potassium  and w ater from time 
to  tim e and from animal to  agim al, i t  would be s u f f ic ie n t  to  
in v a lid a te  the  use of equation  (5) fo r  th e  p re d ic tio n  o f  water 
s to rage , s ince  th e  l im i t  o f  e r ro r  given on p. 30 i s  + 0.2% o f the 
t o t a l  bo(^ w ater. I f  on the  o th e r  hand, i t  was due to  e rro rs  in  th e  
a n a ly s is  of the  m a te ria ls  i t  would be o f le s s  consequence. That
-  b l  -
t h is  was th e  source o f e rro r  i s  suggested by the  r e s u l t s  in  Table 11+, 
which show th a t  th e  d ev ia tio n s  fo r  in d iv id u a l t is s u e s  were g re a te r  
than  those  fo r  the  in d iv id u a l anim als.
The methods used f o r  th e  de te im ination  o f water con ten t a re  
su b je c t to  sm all system atic  e r ro r s , s in ce  d iy ing  to  constan t 
weight a t  100° causes th e  lo s s  o f v o l a t i l e  organic c o n s titu e n ts  and 
o x id a tiv e  changes in  the  l ip i d  f ra c tio n s .  These e r ro r s  are 
e y s to n a tic  but w i l l  compensate to  some ex ten t fo r  one another and 
only with the  f a t t y  t i s s u e s  o f young animals would th e  w ater conten t > 
be expected to  be i n  e rro r  by more than + 1%, In  the  determ ination  
o f sodium and potassium , d u p lica te  analyses agreed to  w ith in  + 1% 
in  t is s u e s  in  which th e  elem ents were p resen t i n  s ig n if ic a n t  amounts, 
b u t g re a te r  abso lu te  e r ro r s  may have been in cu rred . VJhere these  
elem ents were p resen t i n  low con cen tra tio n , th e  accuracy was not so 
h i ^ .  I t  i s  th e re fo re  conceivable th a t  e r ro r s  in  th e  a n a ly tic a l  
methods could give r i s e  to  a  standard  e r ro r  o f  e s tim ate  o f  + 2%.
Of th e  v a rio u s  t is s u e s  in  vhdch the  w ater con ten t was not 
p red ic te d  accu ra te ly  by equation  (5 ) , th e  w ater p resen t in  b ra in , 
serum and sk in  i s  only a sm all p ropo rtion  o f the  t o t a l  boc^ w ater 
and the  d ev ia tio n s  observed would give r i s e  to  an e r ro r  o f l e s s  than  
1% o f the  t o t a l  body w ater. Moreover, these  e r ro r s  would be 
system atic  and would not a f f e c t  markedly th e  accuracy of a p red ic ted  
w ater balance u n less  changes i n  the  w ater o f  a iy  o f these  
in d iv id u a l t is s u e s  was much g re a te r  than  those  in  th e  r e s t  o f the  
body. The sodium bound in  the  m ineral s a l t  o f bone, however, 
accounts f o r  20 to  30% of the  boc^ jr sodium and p red ic te d  w ater 
s to rage  would be in  considerab le  e r ro r  i f  c o rre c tio n s  were not 
made fo r  storage o r lo s s  o f sodium in  bone. C orrections of the 
sodium balance by means o f  equation  (8 ) , which r e l a te s  th e  bound 
sodium to  ash s to re d , p r io r  to  the  use of equation  (5 ) , would lea d  
to  more accu ra te  r e s u l t s .
The water contained  in  the gut o f an animal i s  approxim ately
— 1 + 2  —
15% o f th e  t o t a l  body w ater. Furtherm ore, th e  e r r a t i c  body weight 
changes noted in  animals i s  due alm ost e n t i r e ly  to  sporadic  changes 
i n  th e  ’f i l l *  o f the  anim al, and the  accuracy o f an es tim ate  o f w ater 
sto rage  would depend la rg e ly  on th e  accuracy w ith lA ich a  change in  
water o f the gut could be estim ated  from equation  (5 )- The w ater o f 
th e  abomasal con ten ts  amounts to  only a sm all percentage o f the  
t o t a l  w ater o f th e  gut and i t s  underestim ation  would give r i s e  to  
a  system atic  e rro r  o f only + 0,2%. The sm aller d isc rep an c ies  
observed fo r  the  o ther gut con ten ts would a lso  produce system atic 
e r ro r s  of l e s s  than  + 1% of th e  t o t a l  body w ater. The e f f e c t  o f
s ta rv in g  animal ‘R’ (Table 17) on the accuracy o f p re d ic tio n  of the
water con ten t o f th e  gut emphasized, however, th e  importance o f 
ensuring  th a t  an experim ental animal i s  under comparable cond itions 
a t the  beginning and a t  th e  end o f a balance period . Any e rro r  
in cu rred  by a change i n  equ ilib rium  would no longer be system atic 
but would be a d i re c t  e r ro r  on th e  estim ated  w ater s to rag e .
The g re a te s t  in ac c u ra c ies  i n  the  use  o f  equation  (5) fo r  
estim ating  w ater s to rage  would a r i s e  during the  l a s t  few months o f 
pregnancy. During th a t  period  a l la n to ic  f lu id  may be s to re d  a t  th e  
r a t e  o f 2,1+ kg, in  a  month, and the w ater balance could be in  e r ro r
by as much as -  1,2  kg, due to  the  underestim ation  o f w ater s to re d
in  th e  a lla n to ic  f lu id .  The method would, th e re fo re , be o f l im ite d  
va lue  during the l a t e r  s tag es  o f  pregnancy, bu t th e re  rem ains the  
p o s s ib i l i ty  of c o rre c tin g  th e  w ater balance fo r  the  s to rage  o f 
a l la n to ic  f lu id  by c a lc u la t io n  from th e  f ig u re s  given by Hammond
(1927) .
I t  i s  d i f f i c u l t  to  a sse ss  the  f in a l  accuracy w ith  which the  
t o t a l  body w ater o f an anim al could be c a lc u la te d  from th e  body 
sodium and potassium  but, w ith  the  excep tion  of a l la n to ic  f lu id ,  
th e  f i n a l  e rro rs  in cu rred  by th e  d isc rep an c ies  noted in  th e  va rious  
t i s s u e s  should not exceed + 2%. I t  i s ,  however, doub tfu l whether
-  i+3 -
water balance could be es tim ated  in  a m etabolic  experiment w ith 
anything l ik e  the same accuracy.
-  1+]+ -
SECTION IV
USE OF THE INDIRECT METHOD FOR ESTIMATING STORAGE OF WATER
AlMD FAT IN THE CALF
I n  th e  preceding se c tio n , equations r e la t in g  t>o<  ^ w ater, sodium, 
potassium  and ash have been derived  which provide a  s a ti s fa c to r y
b a s is  fo r  th e  in d ir e c t  e s tim a tio n  o f t o t a l  body w ater. Experiments
a re  now rep o rted  in  which these  equations were used to  estim ate  
w ater r e te n t io n  in  anim als from sodium, potassium  and ash re te n tio n s , 
and th e  accuracy o f the  procedure has been assessed  by re fe ren ce  
to  sim ultaneous e s tim a te s  o f w ater r e te n tio n  by methods invo lv ing  
r e s p i r a t io n  calorim etry* At the  same tim e, f a t  s to rage  es tim ated  
as th e  d iffe re n c e  between the  body weight ga in  and the  r e te n tio n s  
o f aHa, p ro te in  and w ater (c a lc u la te d  from sodium, potassium  and 
ash re te n tio n s )  was compared w ith f a t  s to rage  c a lc u la te d  from 
re te n tio n s  o f carbon and n itro g en .
Calves were used as experim ental anim als s ince  during growth 
they  a re  capable o f s to rin g  la rg e  q u a n ti t ie s  o f  w ater r e la t iv e  to  
t h e i r  body w eight, and by vary ing  th e  food in ta k e  a wide range in  
w ater re te n tio n  can re a d i ly  be ob tained . I f  i t  proved p o ss ib le  to  
es tim a te  w ater r e te n t io n  in  ca lv es  over a  wide range o f  a c tu a l 
r e te n tio n s ,  a more c r i t i c a l  t e s t  would be provided than  would be 
p o ss ib le  w ith m ature c a t t l e .
P lan  o f experiment
Calves were fed  v a rio u s  amounts o f  cows* th o le  m ilk  o r o f 
an a r t i f i c i a l  m ilk  d ie t  p repared  by the  method o f  C lark (1927), 
and s e r i a l  de te rm ina tions o f the  in ta k e  and ex c re tio n  o f n itro g en , 
ash , w ater, sodium and potassium  and o f f a t  s to rage  and boc^y 
weight ga in  were made over p e rio d s  o f b to  lb  dsys. D e ta ils  o f  
the  ca lves  used  and o f  t h e i r  experim ental trea tm en t .a re  given in  
Table 19.
The ca lves  were purchased when a few days o ld  and on a r r iv a l  
a t  the I n s t i t u t e  were harnessed  fo r  th e  sep ara te  c o lle c t io n  o f
TABIE 19 
Treatm ent o f experim ental anim als
len g th  o f
Calf
No.
Run D iet Level o f feed ing  
( l i t r e s /d a y )
experim ental period  
(days)
167 ■ 1 hs ■ 8
168 1 1 h i 8
-169 1 ' h i 8
S Wiole m ilk
188 1 I 3 i 6
188 2 7 16
188 3 J 2* 8
219 1 ] h 10
a r t i f i c i a l  m ilk
220 1 / 6 8
*In  a d d itio n  t h i s  c a l f  was fed  2 l i t r e s  o f w ater d a ily
-  U5 "
faeces  and u rin e  and confined in d iv id u a lly  to  m e ta l- lin e d  metabolism 
cages in  a  house m aintained a t  55 -  ÔÛ^F, They were rea red  on cows' 
Tihole m ilk u n t i l  requ ired  fo r  experim ental purposes and were fed. 
a t  in te r v a l s  o f approxim ately 12 h r . ,  h a l f  th e  d a ily  d ie t  being 
given a t  each feed .
A. p relim inary  period  o f  a t  l e a s t  h days on a constan t food 
in ta k e  preceded each experim ent. During th e  course o f  an experiment 
th e  ca lves were confined to  a  r e s p ira t io n  chamber and th e  w ater 
vapour and carbon d iox ide p roduction  and oxygen consumption were 
determ ined over successive  2h-hr. p e rio d s . Faeces and u r in e  were 
c o lle c te d  q u a n ti ta t iv e ly  and analyses o f feed  and e x c re ta  were made 
to  perm it th e  c a lc u la t io n  o f  th e  re te n tio n s  o f p ro te in , w ater, ash , 
sodium and potassium  and th e  s to rage  o f f a t ,  as described  i n  d e ta i l  
i n  Section  I I .  A ll c o lle c t io n  periods were o f  U8 h r . d u ra tio n  and 
were s ta r te d  a t approxim ately 5 h r .  a f t e r  th e  morning feed . The 
anim als were weighed to  th e  n e a re s t h a lf  ounce a t  the  beginning and 
end o f each c o lle c tio n  p e rio d .
R esu lts
Comparison o f water r e te n tio n  estim ated  by th e  'c l a s s i c a l '  method 
w ith th a t  estim ated  by 'd i f f e re n c e ' from the  ga in  i n  body w e i^ t
The water re ta in e d  by an animal msy be determ ined by the 
technique o f  r e s p ira t io n  ca lo rim etry  in  two d if f e re n t  ways. In  th e  
so -c a lle d  'c l a s s i c a l '  method, w ater r e te n tio n  i s  determ ined as the 
d iffe re n c e  between the in ta k e  o f  w ater and th e  e x c re tio n  in  th e  
u r in e  and faeces  and through th e  lungs and sk in . With th e  in ta k e , 
however, has to  be included  what i s  termed 'm e tab o lic ' w ater, which 
a r is e s  i n  the  d is s im ila t io n  in  th e  boc%y o f f a t ,  p ro te in  and 
carbohydrate. This has been c a lc u la te d  from the ca tab o lized  n u tr ie n ts ,  
as estim ated  from d a ta  on carbon d iox ide p roduction , oxygen 
consumption and u r in a ry  n itro g e n  e x c re tio n  (see  î^ l lg a a rd ,  1 9 2 9 t y  
applying th e  follow ing fa c to rs :
-  Uà -
On o x id a tio n  in  the  body; 100 g, p ro te in  produce h i  g. w ater
100 g. f a t  produce IO7 g . w ater
100 g. carbohydrate produce 60 g. w ater
These f ig u re s  were obtained l:y Magnus-Levy ( I 907) and, s t r i c t l y ,
they  r e f e r  only to  humans given a 'mixed* d ie t ;  t h e i r  a p p lic a b i l i ty
to  c a t t l e  has been assumed ty  workers in  animal n u t r i t io n  ( c f .  Brody,
19U5)» D e ta ils  o f  the c a lc u la tio n  o f  w ater r e te n tio n  in  calves
by th e  c la s s ic a l  method are given in  Table 20, and i t  i s  c le a r  th a t
an accu ra te  estim ate  o f m etabolic w ater i s  req u ired , since  i t  i s
o f the  same order as th e  water re te n tio n . I t  i s  th e re fo re  po ssib le
th a t  a considerab le  system atic  e r ro r  has re s u lte d  from the use  o f
th e  above f a c to r s  to  c a lc u la te  the  m etabolic  im ter.
The abso lu te  e r ro r  o f an es tim ate  o f w ater r e te n tio n  ty  the  
c la s s ic a l  method would inc lude  a lso  e r ro r s  i n  th e  e s tim a tio n  of 
w ater in tak e  and ex c re tio n . These could be q u ite  la rg e  s in c e , as 
w i l l  be seen in  Table 20, th e  w ater in tak e  and ex c re tio n  i s  many 
tim es g re a te r  than  th e  w ater re te n tio n . In  th e  in s ta n c es  quoted 
in  Table 20, a y s te m a tic  e rro r  o f  1% i n  the  e s tim a tio n  o f  the 
water conten t o f the d ie t  o r o f the  u rin e  would produce an e rro r  
o f th e  order o f 35Û g. in  th e  estim ated  w ater re te n tio n . An e rro r  
o f  '1$ i s  c e r ta in ly  p o ss ib le  in  th e  g rav im etric  e s tim a tio n  o f  the 
w ater content o f u rin e  ty  drying to  constan t weight a t  100, due to  
th e  lo s s  o f u rea  and o th er v o la t i l e  organ ic  c o n s ti tu e n ts .
The second method of estim ating  w ater r e te n tio n , which fo r  
convenience w ill  be r e fe r re d  to  as th e  'd i f f e re n c e ' method, i s  
based on the f a c t  th a t  th e  change in  weight o f  an animal i s  made 
up o f changes i n  the  boc^ con ten t o f  f a t ,  p ro te in , ash and w ater; 
i t  i s  assumed th a t  changes i n  the  carbohydrate con ten t o f the 
anim al body are sm all. Since f a t  and p ro te in  s to rag e  can be 
c a lc u la te d  w ith accuracy from C and N re te n tio n , and ash re te n tio n  
can be determined d ire c t ly ,  i t  i s  p o ss ib le  to  make an estim ate  o f  
w ater r e te n tio n  by su b tra c tin g  v a lues  fo r  f a t ,  p ro te in  and ash 
r e te n tio n  from the  observed g a in  in  body w eight. Here, one would 
expect th e  main source o f e r ro r  to  be in  th e  determ ination  o f  body 
weight ga in . In  th e  p resen t s e r ie s  o f  experim ents, body weight
TABLE 20
C alcu la tion  of w ater s to rag e  in  ca lves by th e  c la s s ic a l  method
( 8-day p e rio d s)
C alf T o ta l in ta k e  M etabolic Water ex c re tio n  (g .)  Water
No. o f water 
(g .)
w ater
(g .) Urine Faeces
Lungs and 
Skin
re te n tio n
(g .)
167 3S?72 ^ 8 7 28,012 235 Sli56 3,726
168 353I 6 2250 28p55 30U 5,730 3>77
169 3S,Uh9 2298 26980 114^ 7lit27 3196
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was recorded  to  th e  n e a re s t h a lf  ounce h u t i t  i s  d i f f i c u l t  to  weigh 
an a c tiv e  c a lf  w ith such accuracy. I t  i s  probable th a t  th e  e r ro r  
o f e s tim a tio n  was o f  th e  o rder of + 50 g . , g iv ing  r i s e  to  an e r ro r  
i n  th e  estim ated  w ater r e te n tio n  o f about + 70 g. This e r ro r  
would of course be independent o f  the  len g th  o f th e  experim ental 
p e rio d  and o f the  r a te  o f w ater r e te n tio n . E rro rs  would also  
a r is e  in  e s tim a tin g  th e  G, N and ash re te n tio n s , and in  c a lc u la tin g  
f a t  and p ro te in  sto rage  from C and N r e te n tio n s , but such e r ro r s  
would not prove c r i t i c a l  s in ce , as shosm in  Table 21, sto rage  of 
f a t ,  p ro te in  and ash in  th e  c a l f  accounts fo r  only  a sm all p a r t  
o f any ga in  th a t  occurs in  body w e i ^ t .
A s e r ie s  o f e s tim a tes  o f water r e te n tio n  in  ca lves by the  
two methods i s  given in  Table 22 and the r e s u l t s  a re  compared 
g ra p h ic a lly  i n  F igure 5» The continuous l in e  in  the  f ig u re  i s  
th e  l in e  fo r  complete agreement. D e ta ils  o f  the  c a lc u la tio n  o f 
w ater re te n tio n  by the two methods are  s e t out i n  Table 23.
With th e  excep tion  o f th e  r e s u l t s  fo r  C alf 167, e s tim a tes  o f 
w ater r e te n tio n  were made over successive 2 -day periods and fo r  
the  tw en ty -th ree  2-day comparisons, w ater r e te n tio n  by the 
c la s s ic a l  method was on average 62.3 + 36.0 g ./d ay  h igher th an  the  
estim ated  re te n tio n  by the  d iffe re n c e  method, a  va lue  approaching 
s t a t i s t i c a l  s ig n if ic a n ce  a t  the  5^ le v e l  (0 .1  y  0 . 05) .  In  s p ite  
o f th e  known l im ita tio n s  o f th e  two methods as o u tlin e d  above, 
t h i s  d iscrepancy seemed unduly la rg e . In  two o f  the  experiments 
(C a lf 167; Calf 188; Run 1 ) , d i f f i c u l t i e s  were encountered in  the 
c o lle c t io n  of u rin e  due to  a  blockage o f th e  u rin e  o u t le t  pipe by 
h a ir  from the body of the  c a lf ,  causing a lo s s  o f u r in e  in to  the  
bottom of th e  r e s p ira t io n  chamber. Though a t  th e  tim e i t  was 
considered th a t  no o v e ra l l  lo s s  o f u rin e  had occurred, the  la rg e  
d isc rep an c ies  between e s tim a tes  o f  w ater r e te n t io n  by th e  two 
methods in  these  two experim ents suggested l a t e r  th a t  some u rin e  
might p o ss ib ly  have been l o s t .  A check on a iy  lo s s  o f  u r in e  was 
made by comparing the  measured ga in  i n  weight w ith the  d iffe re n c e  
i n  weight between m a te r ia ls  en te r in g  and leav in g  the r e s p i ra t io n
TABLE 22
C alf
CcHnparison o f  water r e te n t io n  in ca lv es  determined by the c la s s ic a l  method and the water re te n t io n
Run Days
determined oy d if fe r e n c e ' from the gain  in  body weight
Water re ten tio n
Water in tak e
By c la s s ic a l  method By d if feren ce  
I g .)  ( g .)
Water : 
l e s s
retem tion by c la s s ic a l  method 
water re ten tio n  obtained by 
d ifferen ce  
( g .)
107 1 1 and 2 
3 and U 
5 and t) 
7 and 8
8, 790 
8,9U1 
8,615  
8,896
945
829
1,171
781
1,499
1,344
275
608
1 - 8 35,272 3,726 2,843 883
16« 1 1 and 2 8,805 438 1,363 -  925
3 and U 8,862 1,263 438 825
5 and 6 8, 8li2 740 456 284
7 and 8 8,807 1,036 900 130
1 - 8 35,316 3,477 3,163 314
109 1 1 and 2 8,861 602 701 -  99
3 and U 8,802 1,181 948 233
5 and 6 8,931 925 875 50
7 and 8 8,855 488 526 -  38
1 - 8 35,hU9 3,196 3,050 146
18b 1 1 and 2 7,115 795 688 107
3 and 1; 7,088 380 47 333
5 and 6 7,098 1,222 996 226
1 - 0 21,301 2,397 1,731 666
188 2 1 and 2 13,427 1,601 1,537 64
3 and U 13,447 836 837 -  1
5 and 6 13,434 1,191 897 294
7 and 8 13,823 976 941 35
1 - 8 54,131 4,60U 4,212 392
188 2 9 and 10 13,035 1 ,137 877 260
11 and 12 12,102 319 139 180
13 and lU 13,239 1,841 1,706 75
15 and 16 13, 230 792 322 470
9 - 1 6 52,206 4,089 3,104 985
188 3 1 and 2 7,029 307 205 102
3 and U 7,5U5 230 74 156
5 and 6 7,578 -  88 241 -  329
7 and 8 7,597 310 -  123 433
1 - 8 30,349 759 397 362
T ota ls 22,248 18,500 3,748
Mean 2 -day va lu es 824 .0 685.2 138.8
FIGüHE 5 . The comparison o f 2-day e stim a tes  o f  water r e te n tio n  
made by the c la s s ic a l  and 'd i f f e re n c e ' methods.
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TABLE 23
The ccanputation o f water r e te n tio n  in  ca lves 168 and I 69 
over a~period of 8 days
(a) C la ss ic a l method
In tak e  o f water in  m ilk  
and w ashir^s
M etabolic w ater
Water in  faeces
Water in  u rin e
Water vapour exp ired
;sed in g, wate;Y8 days)
C alf 168 Calf 169
(a) 3^316 3 ^ 9
(b) : 2250 2298
(c) 30U lUU
(d) 280^5 26^80
(9) S p o 7,ii27
Water r e te n tio n  (a+b- c—d—e) 3U77 3,196
D ifference  method
Change in  hoô^ weight (a) 3,710 U250
Fat re te n tio n (b) l lh 350
P ro te in  re te n tio n (c) 3U0 728
Ash re te n tio n (d) 93 122
Water r e te n t io n  (a-b - c-d) 3163 3050
tabu: 2 h
The method o f checking th e  q u a n ti ta t iv e  c o lle c tio n  o f e x c re ta  in  a 
r e s p ira t io n  t r i a l  by comparing the  observed gain  i n  weight w ith 
the  weight gain computed from th e  weights of m a te ria ls  taken in
(R esu lts  fo r  c a lf  196 over it-day periods)
Period  1 Period 2 Period  3
In take (w eights in  g ./day )
Feed 3,010 3,0Qlt 5,082
Water Uqo Uoo UOO
Oxygen 620 6hU 609
T o ta l (A) l;p30 kpUQ 6091
Output
Urine 2^141 2^50 3,581
Faeces 68 113 391
Water vapour 899 880 1107
Carbon dioxide 660 593 718
H air and sk in  d eb ris 7 10 6
T o ta l (B) h}7^ # 6 5803
Computed gain  in  
weight (A-B) -  1U5 102 288
Measured ga in  in  weight -  151 85 312
Discrepancy f  6 + 17 -  2U
-  Uô -
chamber. The c a lc u la tio n s  involved are  s e t  out in  Table 2U fo r  
th re e  s a ti s fa c to r y  experim ents, i n  which the  two v a lu es  were i n  c lose  
agreement. For the two experim ents in  question  (those  w ith Calf l6?  
and C alf 188, Run 1 ) , the  computed gain  i n  weight was considerably  
la r g e r  than  th e  measured gain  in  weight and th e  r e s u l t s  in  these  
two experim ents have been re je c te d  on te c h n ic a l  grounds.
The rem aining f iv e  experim ents, providing a t o t a l  o f  twenty 
2 -day comparisons, gave a  mean estim ate  o f the d a ily  water r e te n tio n  
by th e  c la s s ic a l  method which was 55.0 + UO.2 g. h igher than  th a t  
by the d iffe re n c e  method. Although th i s  d iffe re n c e  was no t s t a t i s ­
t i c a l l y  s ig n if ic a n t  (0 .20  X P ^  0 .1 0 ), i t  was considerab le  and 
served to  emphasize th e  d i f f i c u l t i e s  involved  in  the determ ination  
o f w ater r e te n tio n  by c a lo rim e tr ic  methods. Attempts to  account 
f o r  t h i s  d iffe ren ce  by a s p e c if ic  e r ro r  in  technique, o th er than 
th e  unavoidable experim ental e r ro r s  a lready  mentioned, were not 
su ccessfu l. The p o s s ib i l i ty  th a t  w ater vapour was not c o lle c te d  
q u a n ti ta t iv e ly  by the  abso rp tion  t r a in ,  due to  m oisture condensing 
on th e  w alls o f the  r e s p ira t io n  chamber, was considered but d id  
no t appear to  be a major source o f e r ro r .  The g re a te s t  d iffe re n c e  
between the tem perature o f  the  chamber a i r  and the  room tem perature 
recorded  during the  experim ents was 5®^  w ith th e  chamber a i r  a t a  
tem perature o f 15°. To o b ta in  condensation on th e  chamber w alls , 
th e  a i r  w ith in  th e  body o f the  r e s p ira t io n  chamber would have to  
have been a t  le a s t  80» sa tu ra te d  w ith w ater vapour. With the  flow 
r a t e  o f chamber a i r  o f 1; cu. f t . /m in , ,  th e  h ig h es t w ater vapour 
p roduction  recorded o f about 1,000 g . / d ^  would produce only 10^ 
s a tu ra tio n .
The mean of estim ates o f  w ater r e te n tio n  by the two methods 
has th e re fo re  been taken  as the  b e s t  estim ate  o f  water r e te n tio n , 
and w i l l  be re fe rre d  to  subsequently  as the  'pb served ' water 
r e te n tio n . The v a l id i ty  o f tak in g  the mean o f  the  v a lu es  obtained 
f o r  C alf 188, Run 2b, may be questioned , since over the  8-day 
p e rio d  th e  estim ates of water r e te n tio n  by the  two methods d if fe re d
TABIÆ 25
The e r ro r  a ttached  to  th e  mean o f  e s tim a tes  o f  water r e te n t io n  fay th e  
c la s s ic a l  and d iffe re n c e  methods, c a jc u la te d  from the  r e s u l t s  g iven  
in  Table 22, excluding those  fo r  ca lves 167 and 188 (Run 1 )
hunüDer o f sim ultaneous 2-day estim a tes  
o f w ater r e te n tio n  by th e  c la s s ic a l
and d iffe re n c e  methods = 20
V ariance o f  th e  d iffe re n c es  between the
es tim a tes  and th e i r  mean = 612,6U8
Standard d e v ia tio n  o f  th e  mean from the
two e stim a tes  (2-day values) = + 179*6 g . H2O
o r + 90 g . per day
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by almost 1 kg. The om ission o f the r e s u l t s  fo r  th is  c a l f  would 
no t, however, a l t e r  the  conclusions drawn l a t e r  as to  the  
accuracy of p re d ic tio n  o f w ater r e te n tio n  by the in d ir e c t  method.
In  two experim ents, w ith  Calves 219 and 220, w ater r e te n tio n  was 
estim ated  by the d iffe re n c e  method only and these  values have been 
used  as a tru e  measure o f  w ater r e te n tio n .
The e rro r  a ttach ed  to  the observed w ater r e te n tio n  was es tim ated  
from th e  variance  of the  d iffe re n c e s  between the  estim ates by the  
c la s s ic a l  and d iffe re n c e  methods and th e i r  mean. The r e s u l ts  are  
given in  Table 25. The two methods o f  e s tim a tio n  can be regarded 
s t a t i s t i c a l l y  as independent. Though th e  e r ro r  o f  + 90 g ./d ay  may 
appear la rg e , i t  i s  s l ig h t ly  le s s  than  + 2% o f  th e  mean d a ily  water 
in ta k e  o f 5 kg.
The accuracy of p re d ic tio n  of water r e te n tio n  by the  in d ir e c t  method
In  a l l  th e  experim ents rep o rted , w ater r e te n tio n  was estim ated  
from sodium and potassium  re te n tio n  by means o f equations (5) and 
18). The c a lc u la tio n s  involved are  s e t  out in  Table 26. In  Table 27, 
the  in d ire c t  e s tim ates  o f w ater r e te n tio n  have been compared w ith 
the observed w ater r e te n tio n  in  seven s a t is fa c to ry  experim ents.
The 2-day and cumulative 8-day va lues have a lso  been p resen ted  
g rap h ic a lly  in  F igure 6. For th e  tw enty-nine 2-day observa tions, 
th e  two s e ts  o f  va lues showed a mean d iffe re n c e  o f only 7 .2  g . /
2 -day p e rio d . In  view o f  the  f a c t  th a t  th e  mean w ater in ta k e  by 
the  ca lves during these  experim ents was o f th e  o rder o f 5 k g ./day , 
t h is  o v e ra ll  agreement i s  good and suggests th a t  th e re  i s  no 
^ s te m a tic  over- or u n d er-estim a tio n  o f w ater r e te n tio n  by the 
in d ir e c t  method.
Over 2-day pe rio d s, however, th e  p red ic te d  w ater r e te n tio n  
dev ia ted  considerab ly  from the  observed w ater re te n tio n . The 
standard  d e v ia tio n s  fo r  experim ental periods o f 2, h, 6 and 8 days’ 
d u ra tio n  have been c a lc u la te d  and are  given in  Table 28 and fo r  
periods o f four d ^ s  and lo n g er, th e  value was roughly constan t 
a t  + 300 g. (The improved accuracy o f  p re d ic tio n  o f w ater
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TABLE 27
Comparison o f  p red icted  water re te n t io n  w ith observed water r e ten tio n  in  ca lves
C alf Run Days Water Intake
Ig.J
Observed water 
re ten tio n  
CgJ
Predicted  
water re ten tio n  
(g.J
Predicted water re ten tio n  
l e s s  observed water 
reten tio n  
( g j
168 1 1 and 2 8,805 901 684 -  217
3 and U 8,862 851 592 -  259
5 and 6 8,842 598 778 180
7 and 8 8,807 971 979 8
1 - 8 35,316 3,321 3,033 -  288
169 1 1 and 2 8,861 652 489 -  163
3 and k 8,802 1,065 1,116 51
5 and 6 8,931 900 754 -  146
7 amd 8 8,855 507 619 112
1 - 8 35,AL9 3,124 2,978 -  146
188 2 1 auid 2 13,U27 1,569 1,781 212
3 and U 13,U47 837 971 134
5 and 6 13,434 1,044 885 -  159
7 and 8 13,823 959 925 -  34
1 - 8 54,131 4,409 4,562 153
188 2 9 and 10 13,635 1,007 1,332 325
11 and 12 12,102 229 336 107
13 and li i 13,239 1,804 1,854 50
15 and 16 13,230 557 318 -  239
9 - 1 6 52,296 3,597 3,840 243
188 3 1 and 2 7,629 256 341 85
3 and U 7,545 152 181 29
5 and 6 7,578 77 -  118 -  195
7 and 8 7,597 94 -  336 -  430
1 - 8 30,349 579 68 -  511
219 1 1 and 2 1,122 932 -  190
3 and k 422 433 11
5 and 6 523 463 -  60
7 and 8 1,201 1,038 -  163
9 and 10 367 906 539
1 - 1 0 3,635 3,772 137
220 1 1 and 2 -  1 ,654 -  644 1,010*
3 and U 1,697 897 -  800*
5 and 6 294 293 -  1
7 and 8 24 17 -  7
1 - 8 361 563 202
T ota ls 19,026 18,816 2,275
Mean 2-day va lu es 656.1 648.8 -  7 .24
Standard d ev ia tion + 202.3
•C a if  r e s tr ic te d  In movement during t h i s  period and part o f  the d ie t  given on 2 was not consumed u n t i l  day 3. 
These v a lu es , th ere fo re , have not been Included in  the ca lcu la tio n  o f the standard d ev ia tion .
FIGURE 6. The accuracy o f prediction  o f water reten tion  in  calves  
from the measured reten tion s of sodium and potassium.
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r e te n tio n  w ith in creasin g  period  len g th  may be seen from Figure 6 .)  
I f ,  then , i t  i s  assumed th a t  the  e r ro r  a ttach ed  to  the  p red ic ted  
w ater r e te n t io n  i s  in v a r ia n t w ith  period  len g th , th e  e r ro r  a ttached  
to  th e  p red ic te d  water re te n tio n  in  an experim ental period  o f  21 
d ^ s ’ d u ra tio n  would be about + lU g ./d a y .
The accuracy o f estim ates o f  energy r e te n tio n  by the  in d ire c t  
method
In  th e  c a lc u la tio n  o f energy r e te n tio n  ty  the  in d ir e c t  
method, the e r ro r s  a r is in g  in  the  p re d ic tio n  o f w ater s to rage  
produce an equ ivalen t e r ro r ,  oh a weight b a s is , in  the p red ic ted  
f a t  s to rag e . In  the  c a lf ,  where f a t  and p ro te in  s to rag e  account 
fo r  only  a small p a r t  and water fo r  a  f a i r l y  la rg e  p a rt o f any 
ga in  in  w e i^ t ,  the e rro rs  in  the  p red ic te d  w ater r e te n tio n  become 
more c r i t i c a l  in  the  c a lc u la tio n  o f energy s to rage . This would 
not norm ally be the case w ith ad u lt c a t t l e ,  i n  which w ater sto rage  
accounts fo r  a  much sm aller p a r t  o f  any g a in  i n  w eight.
Estim ates o f  energy sto rage c a lc u la te d  from the  p ro te in  
s to rage  (IS re te n tio n  x 6.25) and th e  p red ic ted  f a t  s to rage  (ob ta ined  
by su b tra c tin g  from the body weight ga in  th e  measured re te n tio n s  
o f p ro te in  and ash and the p red ic ted  w ater r e te n t io n ) ,  a re  compared 
i n  Table 29 with e s tim a tes  o f energy sto rage  by th e  c la s s ic a l  C 
and W balance technique. The mean va lues fo r  the  two methods o f 
c a lc u la tio n  d if fe re d  ty  only 289 C al./2 -day  p e riod  bu t the 
es tim a tes  over in d iv id u a l 2-day p e rio d s  showed considerab le  
d isc rep an c ies . As shown in  Table 30, the  s tandard  d e v ia tio n  of 
e s tim a tes  by the two methods was roughly constan t a t  + 3,000 to  
+ 3^700 Gal. fo r  experim ental p e rio d s  o f from A to 8 days' d u ra tio n . 
This f ig u re  inc ludes  any e r ro r  in  the  e s tim a tio n  o f energy re te n tio n  
by the  G and N balance technique bu t i n  th ese  experim ents the  
accuracy o f such estim ates was not assessed . In  l a t e r  work w ith 
sheep, however, B lax te r and Graham (1955) found th a t  under 
s im ila r  cond itions the  standard  d e v ia tio n  o f  e s tim a tes  o f energy 
re te n tio n  by th e  C and N balance t e  comique from those by the  
c a lo r ie  balance technique was + 57 C a l./2h  h r , and th a t  th e re  was
TABI  ^ 29
of Na, K, ash and h ( in d ire c t  method) compared w ith  energy r e te n tio n
determ ined by th e  C and M balance method (c a lo rim e tr ic  method)
C alf Hun Days
Energy s to rag e  (C a l.)
C alo rim etric
method
In d ire c t
method
D ifference
166 1 1 and 2 
3 and k 
5 and 6 
7 and 8
1,259
36
891
2,691
7,619
-  1 ,U06
-  2,125
8
6,360
-  1,W42
-  3,016 
-  683
1 - 8 2,877 U,096 1,219
169 1 1 and 2 
3 and k 
5 and 6 
7 and 8
1,872
2,136
1.53h
1,610
3,858
562
2,668
739
1,986  
-  1,57U
-  134
- 871
1 - 8 7,152 7,827 675
188 2 1 and 2 
3 and k 
5 and 6 
7 and 8
3,682
2,86?
2,775
3,208
1,397
1,614
2,888
3,358
-  2,285
-  1,255
113
150
1 - 8 12,53U 9,257 -  3,277
188 2 9 and 10 
11 and 12 
13 and II4. 
15 and 16
2,703
1,108
3,72L
3,007
-  1,559 
1,136
2,900
1,171
-  1,262 
28 
-  824 
-  1 , 836
9 - 1 6 10,582 3,648 -  6,894
188 3 1 and 2 
3 and k 
5 and 6 
7 and 8
-  3,172
-  2,697
-  2,098
-  2, 0314.
-  4,U46
-  3,699 
1,264
-  38
-  1 , 27a
-  1,002 
3,362 
1,996
1 - 8 -10,001 -  6,919 3,082
219 1 1 and 2 
3 and A 
5 and 6 
7 and 8 
9 and 10
2,U92
2,872
2 ,ià o
2,U66
2,307
4,272 
2,769 
3,002 
3,993 
-  2,662
1,780 
-  103
562 
1,527 
-  5,049
1 - 1 0 12,657 11,37A -  1,283
220 1 1 and 2 
3 and A 
5 and 6 
7 and 8
-  66U 
l,5U9 
U6I4 
808
-  10,125
9 ,Oij2
hl3
87U
-  9,1461 
7,U93 
9 
66
1 - 8 2,157 264 -  1,893
T o ta ls
Mean 2-day va lues
37,918
1, 307.5
29,5147
1,018.9
- 8,371
-288.1
TABLE 30
C and W balance technique and by th e  in d ir e c t  method. c a lc u la te d  from
th e  r e s u l t s  given in  Table 29
Period  o f 
observa tion  
(days)
Number o f  
observa tions
Variance o f e s tim ates  
by th e  two methods
Standard d ev ia tio n  
o f e s tim a tes  by 
th e  two methods 
(C a l.)
2 27 138,842,357 t  2,311
h 14 119,630,602 ±3,0314
6 7 53,365,611 ± 2 ,893
8 7 82,308,840 ± 3,706
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no system atic  d iffe ren ce  between th e  two. I f  s im ila r  e r ro rs  arose 
i n  the  p resen t work, th e  e rro r  o f p re d ic tio n  o f energy sto rage  would 
not be l e s s  than  + 3,000 g, Even assuming th a t  t h i s  e r ro r  would 
not be in creased  with in c reas in g  len g th  o f experim ental period , 
energy r e te n tio n  could not be p red ic ted  w ith  an e rro r  o f le s s  than  
+ 150 C a l./day  in  a t r i a l  o f  21 days' du ra tion .
D iscussion
The experim ents repo rted  here were planned to  provide an 
e s tim a te  o f the accuracy with which w ater re te n tio n  can be 
p re d ic te d  from sodium and potassium re te n tio n  by means o f  the  
equations developed in  Section I I I .  I t  was thought a t  the  time 
th a t  th e  c la s s ic a l  method o f e s tim a tio n  o f water r e te n tio n , which 
invo lved  d ire c t  measurements o f w ater in ta k e  and ex cre tio n , would 
provide an accu ra te  estim ate aga in st which the  accuracy o f p red ic ted  
v a lu e s  could be assessed . With th e  s t a r t  o f the  work, however, 
i t  became c le a r  th a t  under a l l  circum stances the  w ater in tak e  and 
e x c re tio n  o f th e  c a lf  i s  many tim es g re a te r  than  th e  water re ta in e d  
w ith in  the  hoày and th a t  r e la t iv e ly  sm all system atic  e r ro rs  i n  the  
e s tim a tio n  o f water in take  and e x c re tio n  would lea d  to  se rio u s  
e r r o r  in  th e  estim ated  water r e te n tio n . To provide a measure o f 
such e r ro rs , a fu r th e r  method of estim ating  water r e te n tio n  
dependent upon c a lo rim e tric  observa tions b u t involv ing  measurements 
independent o f those used in  the  c la s s ic a l  method., was devised, 
and water re te n tio n  was c a lc u la te d  by bo th  methods in  most o f the  
experim ents. Agreement between the two methods was not good and 
thou01 the mean o f estim ates by the two methods was used as the  
best a v a ilab le  measure of w ater r e te n tio n , the e r ro r  a ttach ed  to  
t h i s  mean value was such th a t  the  assessm ent o f the  accuracy o f 
th e  p re d ic tio n  of water r e te n tio n  by th e  in d ir e c t  method cannot be 
considered  unequivocal.
The o v e ra ll agreement ob tained  between the w ater re te n tio n  
c a lc u la te d  by means o f the  p re d ic tio n  equation  and the  observed 
w ater re te n tio n  was extrem ely good. In  seven experim ents, the
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p red ic te d  w ater r e te n tio n  amounted in  a l l  to  18,816 g, compared w ith  
a va lu e  fo r  th e  observed w ater r e te n tio n  o f 19,026 g . , th e  t o t a l  
exchange o f w ater in  these  experim ents being 260 kg. Thus, the  
th e o r e t ic a l  b a s is  o f the  p re d ic tio n  equation , th a t  the  re te n tio n  
o f w ater w ith in  the  animal body occurs concom itantly  w ith the  
r e te n t io n  o f sodium and potassium , i s  sound. Moreover, i t  appears 
th a t  th e  em pirica l re la tio n s h ip  between body sodium, potassium  and 
ash and body water e s ta b lish e d  by a n a ly s is  o f in d iv id u a l body t is s u e s  
and f lu id s ,  a p p lie s  equally  to  increm ents o f body substance. The 
d a ta  were not ex tensive enough to  in d ic a te  whether the  accuracy o f 
p re d ic tio n  of water re te n tio n  v a rie d  s ig n if ic a n t ly  from c a l f  to  
c a l f  but no s ig n if ic a n t d iffe re n c e s  between anim als w ith  re sp e c t 
to  th e  re la tio n s h ip  between w ater con ten t and sodium and potassium  
con ten t o f body t is s u e s  and f lu id s  were observed in  Section  I I I .
These r e s u l ts  were obtained  w ith ca lves rece iv in g  only l iq u id  
d ie ts  but the p red ic tio n  equation  was derived  from r e s u l t s  ob tained  
w ith both calves and mature c a t t l e ,  and i t  seems u n lik e ly  th a t  th e re  
are  gross o v e ra ll d iffe re n c e s  between th e  undeveloped and th e  mature 
ruminant w ith respec t to  body w ater, sodium and potassium  r e la t io n ­
sh ip s . This work w ith ca lves  suggests th e re fo re  th a t  th e  equations 
developed in  the  previous se c tio n  would provide a  reasonable  b a s is  
fo r  the p red ic tio n  o f w ater r e te n tio n  in  mature c a t t l e  under n a tu ra l  
cond itions o f feed  supply. Under cond itions which depart markedly 
from normal feeding p ra c t ic e , such as the  feed ing  o f experim ental 
ra t io n s  d e fic ie n t in  sodium and potassium , o r in  circum stances 
i n  which the ac id -base  equ ilib rium  o r  the  t is s u e  ly d ra tio n  o f the  
body was d istu rb ed , th is  might n o t be so, but i n  t r i a l s  designed 
to  provide a measure o f th e  energy va lue  o f feeds care  would 
norm ally be taken to  ensure th a t  the  genera l n u t r i t io n  o f the  
experim ental animals was adequate.
Although th i s  e x c e lle n t o v e ra ll  agreement between the 
p red ic te d  and observed w ater r e te n t io n  was ob tained , i n  sh o rt term 
comparisons over peridds o f 2 to  8 days w ith in d iv id u a l ca lv es , 
q u ite  marked d isc rep an c ies  were observed. The magnitude o f these
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d isc rep an c ies  appeared to  be independent o f the  len g th  of period  
and o f th e  t o t a l  w ater r e te n tio n . As d iscussed  p rev io u s ly , the  
measured w ater re te n tio n  inc ludes w ith  the  w ater s to re d  w ith in  the 
animal body any sporadic change i n  the  amount o f  w ater p resen t in  
th e  gut con ten ts and in  the  u rin e  re ta in e d  i n  th e  b lad d er. Though 
th e  w ater p resen t in  the  gut and in  the  u r in e  i s  in v a r ia b ly  
a sso c ia te d  w ith sodium and potassium , th e re  i s  not the  s t r i c t  
p h y sio lo g ica l re la tio n sh ip  between them th a t  th e re  i s  in  the  bod^ y 
t is s u e s  and f lu id s .  Sporadic changes in  th e  w ater, sodium and 
potassium  contents of the  u rin e  and the  m a te ria ls  p resen t in  the  
gut would th e re fo re  lead  to  sh o rt term  e r ro r s  in  th e  es tim a tio n  o f 
w ater r e te n tio n  by means o f th e  p re d ic tio n  equation  and could 
account fo r  the  observed d isc rep an c ies .
In  th e  experiments rep o rted  h e re , th ese  d io r t  term  
d isc rep an c ies  gave r i s e  to  a roughly constan t e r ro r  in  th e  p red ic te d  
w ater re te n tio n  o f + 300 g, over experim ental p e rio d s  o f 2 to  8 days, 
and fcy assuming th a t  the  e r ro r  was independent o f period  leng th  i t  
was ca lcu la ted  th a t w ater r e te n tio n  would be estim ated  to  w ith in  
+ 14 g ./day  in  a t r i a l  o f  21 days' d u ra tio n . This would mean th a t  
i n  the  ca lc u la tio n  o f energy sto rage  by the  in d ir e c t  method, e rro rs  
re s u l t in g  so le ly  from the use o f the  p re d ic tio n  equation  to  estim ate  
w ater re te n tio n  could amount to  + 130 C al./day . By means o f  
r e s p ira t io n  ca lo rim etry , using  e i th e r  the  C and N balance o r  the  
c a lo r ie  balance techniques, i t  i s  p o ss ib le  to  estim ate  th e  energy 
exchange of a sheep, udiich i s  comparable i n  body s iz e  to  the 
c a lf ,  to  t-jithin + 57 C al,/day  over a  period  o f 4 days. The in d ir e c t  
method then cannot be considered to  provide a s a t i s fa c to iy  
a l te rn a t iv e  to  the technique of r e s p ira t io n  ca lo rim etry  fo r  the  
s tu (^  o f th e  energy exchange o f ca lv es . I t  would o f course be 
p o ss ib le  to  reduce t h i s  estim ated  e rro r  o f  + I 30 Cal./d% r fo r  the  
in d ir e c t  method e ith e r  by con tinu ing  th e  experim ental t r i a l s  over 
lo n g er periods o r by making e stim a tes  o f the  energy exchange on a 
s in g le  r a t io n  w ith  a number o f anim als, but to  do so would be to  
lo se  much o f  th e  advantage, i n  term s o f labour and f a c i l i t y ,  o f
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the  in d ir e c t  method. A lte rn a tiv e ly , an attem pt could be made to  
reduce th e  e r ro r  by emptying th e  b ladder o f u rine  a t  the  beginning 
and end o f  each experim ental period , e i th e r  by c a th e te r iz in g  the  
animal o r by condition ing  i t  to  vo id  i t s  u r in e  on th e  a p p lic a tio n  
o f a stim u lus.
E rro rs  s im ila r  in  o r ig in  to  th e  above would a r i s e  a lso  in  
th e  p re d ic tio n  o f water r e te n tio n  in  mature c a t t l e ;  indeed, th e  
g re a te r  capac ity  of the  a lim entary  t r a c t  r e s u l t in g  from th e  
development o f the rumen would be expected to  in c re ase  such e rro rs  
due to  sporadic changes in  f i l l .  I t  would, however, be wrong to  
assess  th e  probable accuracy o f p re d ic tio n  o f w ater re te n tio n  in  
th e  ad u lt animal so le ly  on the b a s is  o f the p resen t r e s u l t s  
ob tained  w ith  the c a lf .
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SEÜTION V
A NOTE ON THE USE OJ?’ THE INDIRECT METHOD FUR THE DETERMUUTlüN 0J?‘
FAT' STORAGE IN MATURE RUMINANTS
The r e s u l ts  o f the  preceding se c tio n  have shown th a t ,  in  
experim ental t r i a l s  o f r e la t iv e ly  sh o rt d u ra tio n , the  major 
source o f  e rro r  i n  the p re d ic tio n  o f w ater r e te n tio n  r e s u l t s  
from day-to-dzy v a ria tio n s  in  the  p a tte rn s  o f  e x c re tio n  o f w ater, 
sodium and potassium. Such v a r ia t io n s  are l ik e ly  to  be in fluenced  
by the  r a te  o f turnover of these  m eta b o lite s  and th e  r e s u l t s  
ob tained  with calves cannot be considered to  apply i n  d e ta i l  to  
m ature c a t t l e  since th e  marked d iffe re n c e  in  r a t io n  and the 
development o f the  rumen must modify considerably  the p a tte rn s  
of w ater, sodium and potassium  m etabolism.
I t  has not been p o ss ib le  to  conduct c r i t i c a l  t e s t s  o f the 
in d ir e c t  method with s te e rs  o r l a c ta t in g  cows, since f a c i l i t i e s  
fo r  d ire c t  energy balance s tu d ie s  w ith la rg e  farm anim als were not 
a v a ila b le . The re s p ira t io n  chamber designed fo r  work w ith  calves 
h as , however, been su ita b ly  m odified fo r  use w ith sheep by 
Dr. K. L, B lax ter and Mr, N, McG, Graham (B lax te r, Graham and 
Rook, 1954) and, in  co lla b o ra tio n  w ith  th ese  w orkers, the in d ire c t  
method was compared with the  c la s s ic a l  method of studying energy 
exchange in  a number of t r i a l s  w ith sheep. I t  was f i r s t  shown th a t  
th e  re la tio n s h ip  between body w ater, sodium and potassium  e s ta b lish e d  
in  c a t t l e  app lied  equa lly  to  the  t is s u e s  and f lu id s  o f  the  sheep.
The accuracy o f p red ic tio n  o f w ater conten t from the sodium and 
potassium  contents of some samples o f t is s u e s  and f lu id s  taken 
from sheep i s  given in  Table 31.
The r e s u l ts  o f energy t r i a l s  w ith  sheep fed  a r a t io n  
c o n s is tin g  so le ly  of d ried  g rass  a re  given in  Table 32. In  the  
s in g le  run c a rr ie d  out w ith sheep 1, which was given a le v e l  of 
feed  approxim ately equal to  th e  maintenance requirem ent o f the  
anim al, the p red ic ted  energy sto rage  c a lc u la te d  over a 6-day p eriod  
d if fe re d  from th a t obtained by the C and N balance method ty
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152 G al,/day , a  va lue  o f  the  same o rder as th a t  ob tained  w ith  ca lves. 
With experim ents w ith sheep 2 and 3> however, which covered a wide 
range i n  the  le v e l  o f feeding , much la rg e r  e r ro r s  were found, 
e s p e c ia l ly  a t  th e  h igher le v e ls  o f  feeding , A check on the  accuracy 
of the  v a rio u s  a n a ly t ic a l  methods in  u se , in  p a r t ic u la r  th e  methods 
o f e s tim a tio n  o f sodium and potassium  in  the d rie d  g rass  feeds which 
con ta ined  a h igh  r a t i o  o f potassium  to  sodium, d id  not rev e a l any 
g ro ss e r ro r .  Yet, i n  the  r e s u l ts  fo r  sheep 2 and 3, and p a r t ic u la r ly  
i n  the t r i a l s  i n  which the sheep were m aintained a t a h igh le v e l  
o f feed ing , th e  re te n tio n  o f potassium in  r e la t io n  to  the  r e te n tio n  
o f sodium seemed unduly h igh  when compared w ith th e  r e s u l ts  
ob tained  p rev iously  w ith  calves. E ven tually , a  search o f th e  
l i t e r a tu r e  rev ea led  th a t  potassium i s  sec re ted  i n  f a i r l y  la rg e  
q u a n ti t ie s  through the sk in  o f th e  sheep as th e  major ino rgan ic  
c o n s titu e n t o f a  m a te ria l known as s u in t , a normal component o f 
th e  f le e c e  (Frenqy, 193U). Analyses o f  sev era l samples o f f le e c e  
taken  from sheep confined under cond itions which precluded the 
p o s s ib i l i ty  of contam ination, have confirmed th e  veiy  h igh potassium  
con ten t o f f le e c e  (values o f up to  6^ have been o b ta in ed ), as 
compared with the r e s u l ts  rep o rted  fo r  analyses o f th e  sk in  of 
c a t t l e ,  i n  which species th e re  i s  no evidence o f  a sk in  s e c re tio n  
o f sodium o r potassium , iy  the  measurement o f f le e c e  growth over 
l im ite d  areas o f newly shorn sheep and a n a ly s is  o f c e r ta in  p ro te c te d  
a re a s  fo r  potassium  content, the  c a lc u la te d  se c re tio n s  of potassium  
through the sk in , o f th ree  sheep were A25, 555 and 360 mg, o f 
po tassiun /day . Daly and C arter (1955) have rep o rted  se c re tio n s  o f 
su in t i n  f le e ce  o f up to  3 g ./d a y , eq u iv a len t to  approxim ately 
700 mg. potassium /day, and have shown th a t  su in t p roduction  i s  
roughly p ro p o rtio n a l to  f le e c e  growth r a te ,  which in  tu rn  i s  
dependent upon plane o f n u t r i t io n .  Skin lo ss e s  o f  potassium  of 
t h i s  o rd er would give r i s e  to  very  la rg e  e r ro r s  in  th e  p re d ic tio n  
o f energy storage by th e  in d ir e c t  method; a  sk in  lo s s  o f 'fOQ mg, 
potassium /day would produce an e r ro r  o f the  o rder o f  1,000 Gal, in
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th e  p red ic te d  energy sto rage , and lo sse s  o f th i s  type are  thought 
to  account fo r  the  la rg e  e r ro rs  observed in  Table 32. Since 
methods of determ ining th e  s ldn  se c re tio n  o f potassium  by sheep 
are no t l ik e ly  to  be of s u f f ic ie n t  accuracy to  allow  estim ates o f 
body s to rag e  o f potassium to  be made w ith p re c is io n , the  in d ir e c t  
method does not o f fe r  an a lte rn a t iv e  approach to  th e  e s tim a tio n  
o f energy sto rage  in  sheep, an animal so commonly and conveniently  
used  fo r  net energy s tu d ie s  on feed s . Likewise, they  could not be 
used to  assess the  probable value o f the  in d ir e c t  method fo r  the  
de te rm ina tion  of the energy exchange o f c a t t l e .
This work w ith th e  sheep served a very  u s e fu l  purpose, 
however, in  th a t  i t  po in ted  to  a c r i t i c a l l y  im portant d iffe re n c e  
between the  m ilk -fed  c a lf  and the mature rum inant. In  the  c a lf  
fed  s o le ly  on cows’ whole m ilk , the  d ie t  would not norm ally provide 
more than  12 g. potassium and i+ g. sodium d a ily . According to  
equation  (5) ,  the  p h y sio lo g ica l equ iva len t o f t h i s  amount o f 
sodium and potassium i s  roughly 3 l i t r e s  o f w ater and a system atic  
e r ro r  o f 0,5)» in  the  es tim a tion  o f sodium and potassium  would no t 
le a d  to  an e rro r  g re a te r  than  15 g. i n  the  p red ic ted  w ater r e te n tio n . 
In  c o n tra s t, in  the  work w ith th e  sheep, th a t  do not d i f f e r  
markedly i n  body s iz e  from the  ca lves, th e  d a ily  in ta k e  was much 
h igher and v a rie d  from 10 to  50 g. o f potassium  and from 2 to  10 g, 
o f sodium and an e r ro r  o f 0 ,5^ i n  t h e i r  e s tim a tio n  could give an 
e r ro r  o f 50 g . in  the  p red ic ted  water r e te n tio n .
R e la tiv e ly  h igh in ta k e s  o f sodium and potassium  are  charac­
t e r i s t i c  of ra tio n s  normally fed  to  sheep and c a t t l e .  In  a s e r ie s  
o f balance experiments conducted by Forbes, Schulz, Hunt, W inter 
and Kemler (1922) w ith m ilking cows g iv ing  up to  5 g a llo n s  o f m ilk 
d a ily , the  potassium in tak e  v a r ie d  from 93 to  151 g. and the  
sodium in tak e  from 13 to  27 g. In  s tu d ie s  by Ward, B losser and 
Adams (1951), d a ily  in ta k e s  o f  up to  38U g. o f  potassium  and 21 g, 
o f sodium were recorded. Thus in  c a t t l e  l im ita t io n s  in  the  
methods o f an a ly s is  o f m a te ria ls  f o r  sodium and potassium  would 
be s u f f ic ie n t  i n  them selves to  prevent an accu ra te  e s tim a tio n  of
- 5 8 -
w ater r e te n tio n  and consequently o f energy sto rage  by th is  sodium 
and potassium  method. The chemical methods c u rre n tly  used to  
e s tim a te  sodium and potassium  i n  c a t t l e  feeds  are  l ik e ly  to  be 
su b je c t to  system atic e r ro r s  o f a t  l e a s t  !%•, such e r ro rs  in  the 
measurement o f a  d a ily  in ta k e  by c a t t l e  o f  only 100 g , potassium / 
dsy would give an e rro r  in  the  p red ic ted  w ater r e te n tio n  o f lU7 g . /  
day, o r  about 3 kg. in  a  21-day p e rio d , A lte rn a tiv e  methods o f 
a n a ly s is  based on flame photom etric and spectrog raph ic  techniques 
would give r i s e  to  even la r g e r  e r ro r s .
At the  presen t tim e, i t  i s  t h i s  te c h n ic a l problem of 
determ ining with accuracy the r e te n tio n  o f  sodium and potassium  by 
an animal fed  a ra t io n  con tain ing  a h igh  content o f these elem ents, 
e s p e c ia lly  of potassium, -sdiich d iscourages th e  fu r th e r  study of 
th e  e s tim a tio n  o f water r e te n tio n  in  c a t t l e  from sodium and 
potassium  re te n tio n  and th e  use o f the  p red ic te d  w ater r e te n tio n  
in  th e  in d ir e c t  e s tim a tion  o f energy s to rage . I t  i s  a  m atte r fo r  
sp ecu la tio n  whether the newer techn iques i n  a n a ly s is , fo r  example 
those  involv ing  the use o f ra d io -a c tiv e  iso to p e s , m y  in  the 
fu tu re  o f fe r  an e rro r  o f only + Ü.15 o r l e s s ,  which would r a i s e  
again  the  p o s s ib i l i ty  o f es tim ating  energy sto rage  in  c a t t l e  
in d ir e c t ly  according to  the  approach o u tlin e d  in  th is  th e s i s .
-  59 -
SUMMARY
1. Systems o f ev a lu a tin g  th e  energy con ten ts o f  feeds and 
th e  energy requirem ents o f c a t t l e  have been b r i e f ly  reviewed.
Evidence i s  quoted which in d ic a te s  th a t  feed ing  standards and 
ta b le s  o f feed  v a lues  c u rre n tly  i n  u se , th a t  a re  based on th e  t o t a l  
d ig e s t ib le  n u tr ie n t  system, o r on th e  Scandinavian fe e d -u n it  o r 
th e  net energy ( s ta rc h  equ ivalen t) y  stems o f ev a lu a tin g  feed  
energy, a re  not r e l ia b le  guides to  th e  feeding  o f c a t t l e .  The
net energy system i s  th e o re t ic a l ly  th e  most sound but very  la rg e  
e rro rs  a re  a ttached  to  published  ne t energy and s ta rc h  equ iva len t 
va lues o f  feed s ,
2 . An an a ly s is , has been made o f  sources of e r ro r  in  th e  
determ ination  o f  ne t energy v a lu es . The a n a ly s is  has shown th a t  
th e  e r ro rs  a r is e  la rg e ly  i n  th e  measurement o f the  n e t e ff ic ie n c y  
o f u t i l i z a t i o n  o f m etabolizable energy, and th a t  they  are  caused 
in  p a r t  by wide b io lo g ic a l v a r ia t io n s  th a t  e x is t  between anim als 
and w ith in  in d iv id u a l anim als from time to  tim e. I t  was apparent 
a lso  th a t  te c h n ic a l and in te r p re ta t io n a l  e r ro rs  tend to  be 
m agnified by the  design o f experiment used . I t  was concluded th a t  
th e  determ ination  o f n e t energy va lues on a w ider sc a le  than  has 
been p o ssib le  h i th e r to  would reduce considerab ly  the  e r ro r  due
to  th e  v a r i a b i l i ty  o f th e  t e s t  anim als; t h i s  has no t been attem pted 
p rev iously  because o f th e  need to  determ ine th e  t o t a l  energy 
exchange o f c a t t l e  by means o f r e s p i r a t io n  ca lo rim etry , an expensive, 
labo rious and time-consuming techn ique,
3. A lte rn a tiv e  methods o f determ ining  energy exchange in  
c a t t l e  were considered , and i t  was concluded th a t  a  method might 
be devised which would be based on the  in d ir e c t  e s tim a tio n  o f f a t  
sto rage  from th e  ga in  i n  body weight le s s  the  body re te n tio n s  o f  
p ro te in , ash and w ater, w ater r e te n t io n  i t s e l f  being  determ ined by 
some in d i r e c t  method. This p o s s ib i l i ty  was th e re fo re  in v e s tig a te d , 
and i t  was concluded th a t  th e  c a lc u la tio n  o f  w ater r e te n tio n  from
-  6 0  -
body re te n tio n s  o f sodium and potassium  m ight be s u ita b le  f o r  the  
in d ir e c t  e s tim a tio n  o f f a t  sto rage  in  c a t t l e ,
U, Analyses of t is s u e s  and f lu id s  from c a t t l e  o f widely 
d if fe r in g  ages were made, and from- th e  r e s u l t s  i t  was shown th a t 
w ith  th e  exception o f blood serum, b ra in , sk in  and bone, the water 
co n ten ts  of th e  t is s u e s  and f lu id s  could be p red ic te d  from th e  
equation: -
W ater = 0.2922 Na + O.li&yl K
(g./lOO g .)  (mg./lOO g .)  (mg./lOO g .)
D ifferences in  the  r e la tio n s h ip  between the  w ater and th e  
sodium and potassium con ten ts of th e  t is s u e s  and f lu id s  o f c a t t le  
aged from l e s s  than  1 week to  more than  5 y e a rs  were not 
s t a t i s t i c a l l y  s ig n if ic a n t.
The equation p red ic ted  s a t i s f a c to r i l y  th e  w ater con ten ts o f  
m a te r ia ls  from the d ig es tiv e  t r a c t  except f o r  th e  con ten ts o f  the  
abomasum. I t  a lso  p red ic ted  the  w ater con ten ts  of whole fo e tu ses  
and of am niotic f lu id  but not o f a l la n to ic  f lu id ,
5. I t  was concluded th a t  d esp ite  th e  anomalous behaviour o f 
b ra in , serum, sk in , bone, abomasal co n ten ts  and a l la n to ic  f lu id ,  
t h i s  em pirical equation r e la t in g  th e  amounts o f w ater, sodium and 
potassium  in  in d iv id u a l t is s u e s  o f  th e  bocfy, ^ o u ld  perm it an 
accu ra te  p red ic tio n  o f the  t o t a l  body w ater con ten t o f  c a t t l e  from 
th e  t o t a l  body content of sodium and potassium , provided a c o rre c tio n  
was made fo r  the  'bound' sodium o f  bone, th e  only exceptions being 
anim als in  the l a t e r  s tages  o f pregnancy.
6. PVQl d e ta i ls  have been given  of th e  co n s tru c tio n  and 
o p e ra tio n  o f a  c lo s e d -c irc u it  r e s p ira t io n  chamber (R egnault-R eiset 
type) fo r  use  w ith ca lves in  t h i s  work,
7. A s e r ie s  o f r e s p ira t io n  s tu d ie s  were made w ith ca lves to  
t e s t  the  v a l id i ty  o f the  conclusion re fe r re d  to  in  paragraph 5* In  
th e se  s tu d ie s  the  calves were fed  cows’ whole m ilk o r an a r t i f i c i a l  
m ilk , and sim ultaneous determ inations o f sodium, potassium , n itro g en , 
carbon, ash, water and energy re te n tio n  were made.
— 6 l  —
8, In  f iv e  s a t i s fa c to iy  experim ents, e s tim a tes  o f w ater 
r e te n t io n  from two independent s e ts  o f d a ta , both dependent on 
r e s p i r a t io n  chamber technique fo r  t h e i r  determ ination , d if f e re d  
by 55 + hO.2 g. w ater/day. This d iffe re n c e  was not s t a t i s t i c a l l y  
s ig n if ic a n t .  Taking the  mean o f e s tim a tes  o f w ater re te n tio n  by 
th ese  two methods as the  t ru e  w ater r e te n tio n , the  e rro r  o f 
p re d ic tio n  of w ater r e te n tio n  from sodium, potassium  and ash 
r e te n tio n  was roughly constan t a t  + 300 g, w ater over experim ental 
p e rio d s  o f from 2 to  8 days. Assuming th a t  t h i s  e r ro r  of p re d ic tio n  
would not be increased  over longer experim ental periods, i t  should 
be p o ss ib le  over a 21-day p e riod  to  p re d ic t  w ater re te n tio n  in  a 
c a l f  w ith  an e rro r  o f on ly  + lU g ./d ay ,
9 . In  th e  same s e r ie s  o f experim ents energy re te n tio n  was 
c a lc u la te d  from n itro g e n  r e te n tio n  and Arom th e  f a t  sto rage  estim ated  
in d ir e c t ly  from the  ga in  in  boc^ weight l e s s  the  p ro te in , ash and 
p red ic te d  w ater r e te n tio n s . I t  was found no t to  d i f f e r  s ig n if ic a n tly  
from th e  energy re te n tio n  determ ined. c a lo r im e tr ic a lly  by the  carbon 
and n itro g en  balance technique. Over experim ental periods o f U or
6 days, the standard  d e v ia tio n  o f e s tim a tes  o f energy re te n tio n  by 
the  two methods v a ried  from + 3000 to  + 3700 Gal, Assuming th a t  
th e  e rro r  of e s tim a tio n  would not be in creased  over longer experi­
m ental periods, in  a  t r i a l  l a s t in g  21 days the  p red ic te d  energy 
re te n tio n  would be in  e r ro r  ty  + 150 G al,/day . In  a  r e s p ira t io n  
t r i a l  la s t in g  only k days, energy r e te n tio n  in  a  sheep, an animal 
s im ila r  in  s ize  to  th e  c a l f ,  can be estim ated  by ca lo rim e tr ic  
methods w ith an e rro r  o f only + 56 G al,/day .
10, A s e r ie s  o f c a lo rim e tr ic  t r i a l s  w ith sheep, s im ila r  to  
the  t r i a l s  made w ith  ca lves have been described , With th e  sheep, 
however, lo s s e s  o f potassium  through the  sk in  i n  a  substance known 
a s  'su in t*  prevented  th e  accu ra te  de term ination  o f  potassium  
re te n tio n  and i t  was concluded th a t  the  in d ir e c t  method o f e s tim a tin g  
w ater r e te n tio n  from sodium and potassium  re te n tio n s  could no t, 
th e re fo re , be app lied  to  sheep.
11, I t  has been po in ted  out i n  th e  th e s is  th a t  i f  th e  ,
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in d ir e c t  method o f estim ating  w ater r e te n tio n  were to  be app lied  
to  c a t t l e  on normal d ie ts  as d i s t in c t  from calves on m ilk d ie ts ,  
d i f f i c u l t i e s  would a r is e  from th e .h ig h  potassium  content th a t  i s  
ty p ic a l  o f most c a t t l e  feeds. Since th ese  h igh potassium  con ten ts 
could r e s u l t  in  potassium in ta k e s  o f  up to  300 g ./d ay , a n a ly t ic a l  
methods w ith an e rro r  o f 0.1/b o r l e s s  would be necessary  fo r  
measurements o f  th e  potassium  in tak e  i f  th e  procedure was to  have 
th e  accuracy requ ired  fo r  th e  p re d ic tio n  o f  w ater r e te n tio n  from 
sodium, potassium and ash r e te n tio n s .
-  6 3  -
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